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COMMISSION 
DES EAUX SOUTERRAINES 


COMPTES RENDUS DES SEANCES 


At the conclusion of the Assembly in Toronto in 1957, the following subjects 
were selected for study over the next three years and presentation to the Commission 
at their meeting in Helsinki: 

1. Methods of presenting geohydrological data in map form. (Subsequently 
this was selected to be the subject of a symposium at which published maps would 
be displayed. Authors of papers were requested to deal with the principles to be 
followed in presenting information and to concentrate on new methods. They were also 
asked to lay emphasis on application to arid zones). 

2. Methods of estimating ground-water resources. 

3. Radioactive substances: a) their experimental use in ground-water studies and 
b) the hydrology of their disposal into pervious strata. 

4. Saline infiltration into aquifers in coastal estuarine areas. 


PROCEEDINGS OF THE SESSION 
OF 30th JULY. 1960. AT 9.30 a.m. 


PRESENT: Messrs. Krul (President, in the Chair), Abdulla, Ackermann, Allard, 
Allen, Andreae, Appleby, Becksmann, Bestow, Bogomolov, Bollmann, Boocock, 
Cox, da Costa, Darlot, Dixey, Durum, Ebert, Elzein, Goldschmidt, Grahl, Harbeck 
Junr., Hazan, Henning, Jakhelln, Jennings, Jensen, Karrenberg, Kohler, LaMoreaux, 
Lindner, Lindsley, Lyshede, Maddock, Mandel, Mann, Mansell-Moullin, Margat, 
Matthess, Maxey, Meade, Mink, Monition, Moser, Nahrgang, Nash, Neumaier, 
Noring, Nurminen, O’Donnell, Poland, Richter, de Ridder, Safadi, Santing, Sayre, 
Scheidegger, Schiff, Schoeller, Schubert, Serra, Shaw, Siren, Skibitzke, Sorn, Sutcliffe, 
Swales, Tison, Todd, Ubell, Valmari, Van der Bijl, Vivert, Visher, Vélk, Volker, 
Walton, van Wijngaarden, Wilm, Wilson, Wolf, Buchan (Secretary), and Mesdames, 
Jensen, Lindner, Schmorak, Tkachouk and Visher. 


* 
* * 


_ Professor W.F.J.M. Krul (Netherlands) presided over the Opening Session of 
the Commission, at which the following reports were presented: 

1. The course of the desalinisation of the groundwater after the February 1953 
flooding by sea-water of the «Oranjezon» dune area, Isle of Walcheren, Netherlands, 
by J. de Jong (Netherlands), presented by G. Santing. 

2. Salt water encroachment in the coastal plain of Israel, by M. Jacobs and 
S. Schmorak (Israel), presented by Madame Schmorak. 

3. Flow geochemical aspects of sea water intrusion in an island aquifer, by 
J.F. Mink (U.S.A.). 

4, Salt water intrusion of coastal aquifers in the United States, by D.K. Todd 
(U.S.A.). 


5. Underground dispersion of miscible liquids, by A.E. Scheidegger (Canada). 

6. Qualitative hydrodynamics within an oceanic island, by F. N. Visher (U.S. A.). 

7. Salinité des eaux souterraines, évapotranspiration et alimentation des nappes, 
by H. Schoeller (France). pe 

8. Erfahrungen bei der Anwendung radioaktiver Isotope in der Hydrologie. 
(Experiences concerning the use of radioactive isotopes in hydrology), by F. Neumaier 
(Germany F.R.). 

9. Nachweisempfindlichkeit und Nachweisgrenze radioaktiver Isotope in der 
Hydrologie. (Detection sensitivity and detection limit for radioactive isotopes used 
in hydrology), by H. Moser (Germany F.R.). 

The following paper was read in title only: 

10. New system of pumping underground fresh water afloat upon sea-water in 
porous formation, by U. Bardelli (Italy). 


DISCUSSION 


Report by Mr. De Jong 


Dr. Minx: «What is the amount of natural recharge and its effect on flushing the aqui- 
fer of salt?» 

Mr. SANTING: «The replenishment of the ground water by rainfall amounts to 
some 350 mm per year. As the dune area covers 3.5 sq. km, this gives about 1 million 
m?®/year. The effect of this recharge on the salinity of the ground water cannot easily 
be determined. Since a great many dune valleys had been inundated by sea water, 
the distribution of the salinity in the subsoil is highly irregular and it is not possible 
to determine which part of the decrease of the salinity in the past six years is due to 
a flushing effect of the natural recharge and which part is due to the abstraction of 
brackish water from the canal». 

Mr. Swa.es: «Mr Santing said that «if pollution of this nature entered the ground 
it should be removed as soon as possible». I feel that this statement requires some 
qualification by the addition of the words «at or close to the place at which it entered 
the formation». If this qualification is not made, people may think that by pumping 
from their existing sources they may be doing this, whereas they may be drawing the 
pollution further into the formation if their pumping stations are some distance from 
the point of entry of the pollution». 

Dr. MANN, Jr: «What was the chloride content of the fresh water prior to the 
1953 flooding, and at what chloride content will the water again become usable?» 

Mr. SANTING: «The chlorine content of the water withdrawn from the canal, 
prior to the flood, amounted to some 40 ppm. chlorine ion. The slightly brackish 
water from the canal is already being used. It is mixed with fresh water from other 
sources in such a ratio that a chlorine content of 300 ppm. is reached. This is consi- 
dered acceptable». 

Mr. Bestow asked if any boreholes had been sunk during the investigation to 
find out the effect of the inundation on the normal seawater/freshwater interface. 

Mr. SANTING: «The observation wells existing at the time of the inundation 
were not deep enough to determine the position of the interface. Only recently new 
observation wells were drilled and some of them penetrated the interface. As to the 
effect of the inundation on the position of the interface, I don’t think that this effect 


has been great, since the interface is situated in the lower ground-water horizon below 
two clay layers». 
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Report by Mr. Jacobs and Madame Schmorak 


Dr. MANN: «Do you feel that the advance of the sea-water wedge could be 
adequately delineated by a series of observation wells cased with unperforated 
plastic pipe? The fresh water—salt water interface might be located by repeated 
electric logging with a deep penetration resistivity probe?» 

Madame ScHMorRAK: «We have no experience so far with plastic material, but 
an unperforated pipe would present technical difficulties for taking measurements». 

Mr. SkipitzkeE: «Have you determined the second interface due to the pumping 
rate? What is the purpose of the measurements you are taking, and how does it 
help the people in planning water supply ?». 

Madame ScHMorak replied that in some of the areas where heavy pumping 
has been going on for some time, the repeated measurements have shown an upward 
movement of the interface in the observation well ranging from 1-4 m. The observed 
data are used by the planning agencies for tests on a Hele-Shaw viscosity model, to 
establish the relation between pumped quantities and the extension and velocity of 
the encroachment of salt water. 

Dr. POLAND wished to know what equipment was used for locating the salt-water 
interface when it was opposite a perforated section of the casing. 

Madame Scumorak: «The equipment consists of a dip-cell electrode (platinized 
nickel-rods in a plexiglas container), suspended on a waterproof, calibrated cable. 
The electrical resistance of the water at each depth is recorded by means of a transis- 
torized conductivity bridge and the temperature at each depth is measured by a ther- 
mister with similar arrangement». 

Mr. VOLKER: «The question is whether the tidal range is the only factor affecting 
the thickness of the diffusion zone. Another factor may be the time during which 
diffusion by salinity gradients has taken place: in other words, the age of the dunes. 
In other places in the world, with equally low tidal ranges, the thickness of the transi- 
tion zone is considerable». 

Madame SCHMoRAK: «The tidal range seems to be one of the factors only. The 
width of the diffusion zone is certainly caused by several factors». 

Mr. SANTING: «The fact that the aquifer has a large permeability and conse- 
quently the velocity of the ground water is high, also may help to explain why the 
diffusion zone is thin». 

Madame SCHMORAK agreed. 

Mr. VIBERT: «Dans le résumé de leur trés intéressantes communications les 
auteurs indiquent qu’au cours des prochaines années on envisage une exploitation 
extensive des eaux souterraines du gite Plio-Pleistoceine de la plaine coti¢re d’I- 
srael. Est-il possible d’indiquer en ordre de grandeur des quantités d’eau que l’on 
se propose d’extraire du gisement intéressé»? 

Madame Scumorak: «Les plans d’exploitation ne sont pas encore définitifs et des 
changements seront faits, si nécessaire, d’aprés les premiers résultats qu’on obtiendra. 
On étudie d’abord une petite région au sud et on procédera d’aprés les résultats 
qu’on obtiendra dans cette région». 


Report by Dr. Mink 


Mr. SANTING: «1) Can you give an idea of the velocity of intrusion of sea water 
into the aquifer? 2) Can the saline ground water be considered as sea water of recent 
date or is it rather fossil water? 3) Is the saline ground water stagnant or is there a 
noticeable movement»? 

Dr. Mink: «1) We have no quantitative measurement of the velocity of sea water 
intrusion but it is small compared to velocities in the fresh water lens. 2) This depends 


if 


upon how fossil water is defined. The saline ground water is not older than late Pleis- 
tocene because of eustatic sea-level changes. However, it is several degrees war- 
mer than the fresh water above it, and at least 10 degrees warmer than that part 
of the ocean from which it originated, suggesting that it has been in position long 
enough to be affected by the geothermal gradient. 3) The surface of the fresh water 
lens fluctuates about 5 ft seasonally, which implies that the lens expands and con- 
tracts in response to stresses rmposed on it. Thus the saline water could be expected 
to be in motion also. In addition, saline water mixes with fresh water and is dis- 
charged near the coast. 

Mr. Amsproacci: «Y a-t-il une évolution de la composition chimique de l’eau 
salée d’intrusion en fonction des pompages»? 

Dr. Minx: «The chemistry of the saline water of intrusion is unaffected by 
pumping although the saline water is drawn into the fresh water part of the the aquifer 
under particular pumping conditions. This results in simple mixing. Both the intruded 
saline water and the fresh water are in conditional chemical equilibrium with their 
environments». 

Mr. SKIBITZKE: «Does the base-exchange region have sufficient material to last 
through geologic time»? 

Dr. Minx: «The caprock and associated sea-bottom sediments are rather thick, 
measurable at least in several hundreds of feet. The caprock is known to be at least 
1200 feet thick. It appears likely that the exchange capacity of the sediments has 
accommodated the quantity of sea water that has passed through them into the island». 


Report by Professor Todd 


Dr. RicHTER: «Have you any data about the thickness of the zone of mixing of 
fresh and salt water»? 

Professor Topp replied that no attempt has been made here to tabulate thicknesses 
of transition zones. However, field reports indicate that thicknesses vary from only 
a few meties to as much as 100 metres or more. 

Mr. VisHER: «The primary factors controlling the thickness of the transition zone 
are the rate of dispersion and the rate of movement of fresh water through the system. 
In areas where the rate of movement of the fresh water through the system is relati- 
vely rapid, the transition zone is relatively thin. However, in areas where the movement 
is sluggish, the transition zone may be very thick—in extreme cases there is no really 
fresh water at all». 

Mr. SkipirzKE: «Couldn’t we use the water in place»? 

Professor Topp: «The line of recharge wells at Manhattan Beach, California, 
was installed to stop further advance of sea water into the aquifer. Pumping within 
the aquifer is continuing». 

Dr. MANN: «With regard to the Manhattan Beach injection programme, no 
fresh water has been lost to the ocean to date and it is considered that well over 90% 
of the water is recovered inland. Maintaining the ridge in the piezometric surface 


permits heavy puming on the landward side of the ridge in this highly developed area». - 


Report by Professor Schoeller 


Mr. SANTING: «The ground water in large basins has been accumulated generally 
in the course of many years, sometimes centuries. The relation between the chlorine 
content of the rain water and that of the ground water gives information on the average 
replenishment of the ground water in that long period. If, however, in recent times 
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aan Be Blnotein ithe factors governing the replenishment 
. orestation, etc.), the present value of the 
replenishment cannot be deduced from the relation given. Has Professor Schoeller a 
solution to this problem»? 

Professor SCHOELLER: «Je n’ai pas examiné ce probléme. Mais il peut l’étre». 

Dr. MINK: «We have used this approach in investigating the water resources of the 
Hawaiian Island in areas where water is derived directly from precipitation and stored 
in high level dyke compartments. The results obtained do not agree with the more 
standard approaches to evapotranspiration». 

Professor SCHOELLER: «L’évaluation de l’évapo-transpiration se rapportant aux 
terrains mémes des nappes est difficile 4 évaluer. Elle ne peut étre confondue avec 
celle de tout un bassin fluvial ow il y a a la fois terrains perméables et imperméables. 
Quand on utilise la méthode du chlore, il faut tenir compte de tous les éléments de la 
formule, que l’on ne peut négliger». 

Mr. GoLDscHmipT: «Would this method not become inapplicable when either 
the percolating water passes rocks of an initial high salinity or has contact with 
fossil brines—both cases occurring especially in arid and semi-arid areas? Whereas 
the salinity of the rock and/or of the brine may be known, the leaching effect of the 
percolating water is unknown, as is also the percentage contribution of the brine to 
the resulting flow of underground water». 

Professor SCHOELLER: «L’apport du chlore par les terrains est indiqué par le 
second membre de la formule. II est certain que lorsque les roches sont trés salées 
la formule devient inapplicable, car le 1*¢* membre de la formule devient négligeable 
devant le second». 

Professor KRUL: «En 1938 nous avons dressé le bilan de l’eau souterraine dans 
une région de table pleistocéne, peu cultivée, aux Pays-Bas (Veluwe). En appliquant 
diverses méthodes il s’est montré que dans ce cas spécial la teneur moyenne en chlore 
de la pluie donnait un résultat satisfaisant pour le calcul de la partie de la précipitation 
qui s’infiltre dans le sous-so)». 

Professor SCHOELLER: «Ceci montre que lorsque |’on utilise convenablement la 
formule, on peut en tirer parti pour calculer l’alimentation des nappes». 

Dr. NORING: «Investigation in Germany have demonstrated that the chief source 
of chlorine results from manuring, not from precipitation». 

Professor SCHOELLER: «L’épandage d’engrais ne se fait pas partout avec la méme 
intensité qu’en Allemagne. L’apport de chlore des engrais rentre dans le 2° terme de 
l’équation. Autrement dit on ne peut simplifier l’équation complete». 


Reports by Messrs. Neumaier and Moser 


Dr. Norinco: «The proposed method of measuring ground-water flow does not 
correspond in most cases with the hydrodynamical behaviour of wells in repose. 
1) When the temperature of the air above the water surface is lower than water tempe- 
rature, water at the surface will become cooler and sink downwards. 2) When several 
aquifers are penetrated by a well, it is assumed that the hydrostac pressure of each 
will not be exactly the same. In this case only the aquifer with the greatest pressure 
can contribute water to the well, whilst all other aquifers will receive water out of the 
well. The aquifer with the highest pressure will generally not be identical with the 
aquifer with the greatest yield. 3) In cases of free ground-water surface when ground- 
water surface is depressed, the height of hydrostatic pressure near the surface will 
be greater than at the base. In all these cases, a well, as a foreign body in the ground 
water, offers a vertical communication and will cause vertical motions which must 
disturb the distribution of the tracers». 


Professor Topp said that by mixing the tracer in the well, a mean value of dilution 
can be obtained without specification of anisotropic permeability conditions. Stream 
flow measurement can also be made by addition of tritium and sampling downstream. 
No field equipment is required and health hazards are minimal. As the single well 
dilution technique can be carried out with any tracer, why is it necessary to use a 
radioactive one? 


PROCEEDINGS OF THE SESSION 
OF ist AUGUST. 1960 AT 9.30 a.m. 


PresENT: Messrs. Schoelier (Chairman), Abdulla, Ackermann, Allard, Allen, 
Ambroggi, Andreae,Becksmann, Bisset, Bogomoloy, Bollmann, Boocock,Bruggeman, 
Buhle, da Costa, Darlot, Dieter, Dixey, Ebert, El Zein, Goldschmidt, Grahl, Harbeck, 
Hazan, Henning, Jennings, Jensen, Johnson, Keller, Krul, LaMoreaux, Leppanen, 
Lindner, Linsley, van Lopik, Lyshede, Mandell, Mann, Mansell, Moullin, Margat, 
Matthess, Maxey, Mink, Monition, Nahrgang, Nash, Noring, O’Donnell, Picotti, 
Popov, Poland, Rangeley, Richter, de Ridder, Santing, Sayre, Schiff, Schubert, Serra, 
Skibitzke, Snyder, Stretta, Sutcliffe, Swales, Tison, Tixeront, Todd, Truter, Tscheltzoff, 
Ubell, Vibert, Visher, Volker, Walton, Wartena, Wilm, Wilson, Wolf, Buchan 
(Secretary) and Mesdames Schmorak and Tkachouk. 


a 
* * 


Professor H. Schoeller (France) presided over the Second Session of the Commis- 
sion, at which the following reports were presented: 

1. Observations Générales sur l’invasion des eaux marines dans les nappes d’eau 
souterraines et dans les régions d’estuaires lelong descétes du Maroc, by R. Ambroggi, 
A. Cochet, E. Colas des Francs, M. Derekoy, R. Dijon, M. Fellahi, R. Hazan, J. Mar- 
gat, M. Messaoud, L. Monition, F. Mortier, L. Moullard and M. Sadek (Morocco), 
presented by L. Monition. 


2. Evaluation des possibilités d’un gisement aquifére profond, dans un cas parti- 
culier, by A. Vibert (France). 

3. An estimation of the long term yield of a large aquifer at Teheran, by F. V. 
Sutcliffe and W.R. Rangeley (Great Britain), presented by W.R. Rangeley. 

4. Hydrometeorological methods of quantitative estimation of annual under- 
ground water replenishment, by M. J. Goldschmidt (Israel). 

5. Exploration and exploitation of shallow fresh-water layers in coastal areas, 
by J.A. van t’Leven (Netherlands), presented by N. A. de Ridder. 

6. The routine of ground-water recharge through typical elements of linear storage 
by J.C.I. Dooge (Republic of Ireland), presented by J.E. Nash. 

7. Plaine de Berrechid. Etude de la nappe phréatique, by L. Moullard and 
R. Hazan (Morocco), presented by R. Hazan. 

8. Etude sur le mouvement des eaux souterraines par le procédé thermomé- 
trique, by F. Mosetti (Italy), presented by M. Picotti. 

The following papers were read in title only: 
ns Contribution to the solution of the filtration law, by F. Slepicka (Czechoslo- 
vakia). 

10. Regime of dependence of ground-water table rising at zone near the Danube 

River after its culminations, by D. Dubs (Czechoslovakia). 
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DISCUSSION 


Report by Mr. Ambroggi and Others 


Professor KRUL: «L’auteur a fait mention du fait que l’intrusion d’eau salée 
n’était pas considérable jusqu’ici. Est ce que cela veut dire que les captages n’ont 
Pas encore souffert, ou bien a-t-on di prendre des mesures protectrices»? 

Dr. Monition: «Effectivement, les régions contaminées sont en nombre limité. 
Le centre les Etudes Hydrogéologiques a veillé depuis sa création (1935) 4 ce que la 
contamination par pompages intensifs ne s’aggrave pas, en imposant, par exemple, 
dans les zones menacées, la position de la crépine 4 + 0.5 m et en limitant les débits 
prélevés». 

Mr. VOLKER: «Est-ce que la variation des salinités due aux marées a été observée 
a toutes les profondeurs ou seulement dans la zone de transition entre eaux douces 
et eaux tout a fait salées»? 

Dr. Monition: « Dans le cas du forage de Khebibat n° 1098/13, les variations de 
salures ont été étudiées 4 —10m et A —20 m. Les résultats sont exprimés dans la 
figure n°. 6. Ces prélévements on été faits dans la zone de transition». 

Mr. GoLpscumipT: «Does the filter of the observation well penetrate the whole 
aquifer or do you check potential chemical composition of water by means of short 
filters in the different aquifers sealed against each other»? 

Dr. MoniTIon : « Chaque forage est crépiné sur toute la hauteur. Les prélévements 
ont été effectués tous les 2 m. a !’aide de la bouteille de Ruttner». 


Report by Mr. Vibert 


Mr. VOLKER : «La communication de M. Vibert donne un excellent exemple de 
Lanalyse du mouvement turbulent des eaux souterraines. Peu a été publié au sujet de 
cet aspect trés important de la géo-hydrologie et la recommandation est faite que la 
Commission des Eaux Souterraines pose ce sujet sur son programme d’avenir». 

Mr. VIBERT : «J’approuve pleinement la suggestion de Monsieur A. Volker, 
de nombreuses villes ou collectivités étant alimentées en tout ou en partie par des eaux 
provenant de circulations diaclasiennes. C’est ainsi que la Ville de Paris, par exemple, 
utilise chaque jour pour son alimentation en eau potable une valeur moyenne de 
1.000.000 m3 sur lesquels 300.000 environ proviennent de gisements inclus dans les 
fissures et diaclases des craies cénomaniennes et turoniennes». 

Mr. TIxERONT : «Le calcul de M. Vibert est fait pour un niveau piésometrique 
determiné. Comment appliquer la méthode si le niveau piézometrique est variable»? 

Mr. VIBERT : «L’expérience du passé montre que les varations du niveau piézo- 
metrique du gisement sont nulles ou pratiquement négligeables. Une légére diminution 
de ce niveau, de l’ordre d’un métre par exemple, n’aurait pas d’influence sensible sur 
la position de la caractéristique débits/hauteurs de pompage». 


Reports by Messrs. Sutcliffe and Rangeley 


Mr. VoLKER: «Pumping test refer to a rather small part of the area, whereas the 
method of estimating recharge from river flow and the storage method provide data 
on the area as a whole. Either the area is quite homogeneous or a number of pumping 
tests has been carried out to arrive at the good agreement between the results of the 


three methods». 
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Mr. RANGELEY replied that geological and geophysical evidence pointed clearly 
to a high degree of homogeneity in the main aquifer and this evidence was supported 
by the regularity in hydraulic gradient. 

Mr. Go.pscuipt: «The values for T vary from approximately 10,000 to 170,000 
units. May I assume that, nevertheless, you could arrive at an average which has suffi- 
cient significance»? 

Mr. Rangeley: «The value of 10,000 Meinzer units was obtained at borehole n°. 1, 
sited north of the main aquifer where the steeper hydraulic gradient had led us to 
expect that the transmissibility would be considerably lower than in the main aquifer. 

The value of 171,000 Mainzer units was obtained from the more distant observation 

well at borehole n°. 2. A similar effect has been described by Ubell (Ref. 4) and this 
value was regarded as anomalous. The remaining values were reasonably consistent, 
but further permeability tests were recommended». 

Dr. Drxey enquired whether of not the foot of the mountain range marked a 
major fault or zone of faulting; if there was a sudden development of alluvium at 
the foot of the range, or if the sediments, resting on a platform or pediment of older 
rocks, thin out towards the foot? 

Mr. RANGELEY: «The boundary between the mountains and the alluvial 
deposits is abrupt and the deposits are believed to be thick at the boundary. According 
to the geological evidence, the boundary is a line of fracture which is likely to be rather 
impermeable, so most of the water-flow from the Alborz catchment is believed to 
occur in surface water-courses». 


Report by Mr. Goldschmidt 


Dr. MANN: «Is it established geologically that all of the precipitation which 
infiltrates to ground water reappears as spring flow»? 

Mr. GoLpscHmipTt: «The geology of the catchments clearly indicates that no 
leakage occurs into other catchments. One should therefore assume that the precipi- 
tation over the catchment is exclusively disposed of as follows: 

(i) Base flow from the catchment 

(ii) Storm water run-off from the catchment 
(iii) Change of storage in the catchment 

(iv) Evapotranspiration from the catchment». 

Mr. Wo tr: «Mr. Goldschmidt has clearly been very successful in obtaining 
agreement between his observations and his formulae. Is this agreement due to the 
homogeneity of the climatological patterns of the areas which he is considering? 
It would seem that, elsewhere, the total annual quantity of precipitation P alone 
would not uniquely determine the run-off, but that the distribution of rain in time 
would have a considerable effect and would, therefore, have to be introduced into 
any formula used as an additional (and probably higly inconvenient) term. There 
might also be other variables which, in the author’s case, were conveniently uniform, 
but would possibly vary elsewhere». 

Mr. Go_pscumiptT: «The Keller formula Ry = a (P-Po)—units in mm _ p.a.—is 
valid also in humid areas, if R; is the total run-off observed in a river during a certain 
year. This is the case e.g. in the catchment of the Tennessee river, and I found other 
instances in American publications. The total annual run-off recorded for the Tennes- 
see river and for some of its small affiuents and the respective total precipitation over 
the catchment fit very closely to such linear correlations, «<1 Po ~ 600 mm p.a. The 
values for « and Po are similar for the catchments I happened to analyse. Although 
intensity and distribution in time of the precipitation, temperature, air humidity, 
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wind and other meteorological elements, and still more change of underground and 
soil moisture storage affect the cycle, it appears that their effects are inferior to that 
of the annual precipitation over the catchment. All the other hydrological features 
discussed in my paper and the conclusions arrived at refer to semi-arid catchments 
with a seasonal rainfall and which are covered by a seasonal rain-grown continuous 
vegetation». 


Report by Mr. van t?Leven 


Mr. SANTING: «I would like to add a comment of a practical nature. The method 
of withdrawing fresh and salt ground water simultaneously (which method was first 
described in a paper of the Netherlands Government Institute for Water Supply 
presented at the Toronto Assembly, 1957) is applicable only if it is possible to dispose 
of the salt ground water in an economical way». 

Mr. De Ripper: «Indeed, this method was already described, but only for ground 
water at greater depth and not for shallow ground-water bodies. Salt water is pumped 
in smaller quantities than fresh water and it is pumped into the ditches to dispose of 
it». 


Report by Mr. Dooge 


Dr. LysHEDE remarked that he had used a similar method for routine hydro- 
graphs of Danish water-courses. This correspondence is quite natural because these 
water-courses get a great part of their water subterraneously. He could not, however, 
make suitable hydrographs by use of only one storage element and was very interested 
in the probable step forward here made by the author. 

Mr. NAsH replied that the outflow would be exponential if, and only if, a single 
linear element is used. Generally speaking, it would probably be necessary to use 
more than one element in a practical case and therefore a more complicated base 
flow recession would result, viz. the sum or difference of several exponential curves. 

Mr. GoLpscHmipT: «To what extent did the synthetic hydrographs tally with 
those based on actual measurements»? 

Mr. Nasu: «As far as I know the method has not yet been used in an example 
where an actual hydrograph existed». 

Mr. VoLKeR: «When applying this method to the river flow in actual catchment 
areas, it has been found in Holland—where no direct run-off occurs—that a series 
of exponential functions with different exponents should be used to describe adequa- 
tely the observed river flow. The reason is the varying nature of the catchment area 
(low and high water table). The method can equally well be appiied under certain 
conditions to compute storm run-off». 

Mr. Nass said that his reply to Dr. Lyshede covered the point made by Mr. 
Volker. 


Report by Messrs. Moullard and Hazan 


Mr. VOLKER : «L’étude gui a été faite fournit un bel exemple de V’application 
conjonctive des méthodes géophysiques et des forages au lieu de procédei tout de suite 
A un grand programme qui ne comprend que des forages. Deux questions se posent 
en rapport avec le détermination de la recharge des eaux souterraines : a) Est-ce 
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qu’il y a une perte par évaporation et comment l’a-t-on determinée? 5) Comment 
a-t-on determiné le coefficient d’emmagasinement»? 

Mr. HAZzAN : «a) Il n’y a pratiquement pas de pertes par évaporation dont il 
faille tenir compte pour |’évaluation des apports annuels 4 la nappe. Les débits 
apportés par les cours d’eau s’infiltrent immédiatement en amont de la plaine, au 
niveau des grés Pliocénes trés perméables. Il n’y a pas de lacs temporaires aux Jieux 
d’injection. b) Les coéfficients d’emmagasinement ont été déterminés par des essais 
de pompage, selon les methodes de Theis». 

Mr. RANGELEY: «I understand that you determined the coefficient of storage by 
pumping test, in order to apply the variation in water-table level method of evaluation. 
How many pumping tests did you carry out and how could you be sure that they 
gave results applicable to the full depth of the aquifer» ? 

Mr Hazan : «Au cours de la premiére campagne 15 forages ont été effectués, 
avec 15 essais de débit; les renseignements étaient rélevés sur les forages d’exploitation 
et sur de nombreux puits piézometres autour de chaque forage.Au cours de la deuxiéme 
campagne, 14 essais ont été effectués sur les 14 nouveaux forage. Nous avons catculé 
des coefficients d’emmagasinement au niveau des grés coquilliers marins, et au 
niveau des grés dunaires. Quant a la validité de la valeur du coefficient d’emmagasi- 
nement sur toute la hauteur de la nappe, les essais ayant interessés aussi bien des 
couches épaisses que faibles et les valeurs trouvées se situant dans une petite frange, 
les chiffres varieraient peu sur une méme hauteur, du moins en ce qui concerne cette 
nappe de Berrechid. De toutes fagons ces valeurs ne permettent que de calculer une 
valeur approchée du volume et du débit d’appoint. La précision parfaite en ce domaine 
est illusoire». 

Professor SCHOELLER : «L’alimentation de la nappe aurait pu aussi étre calculée 
a Vaide de la transmissivité et de l’inclinaison de Ja surface pi¢zométrique». 

Mr. HAzAN : «Non, pour le cas particulier, car l’amont hydraulique ayant son 
N.S. assez bas n’a pas été interessé par les forages; on n’a donc pas d’essais dans 
cette zone amont de la nappe. Evidemment cela peut se faire, mais seulement dans 
des cas particuliers ot la nappe de l’amont n’a pas une forte pente donc verifie les 
hypothéses a la Darcy, ou la section est parfaitement connue et le nombre d’essais 
sur une section important». 

Mr. MANDEL : «La concentration de l’exploitation en deux ou trois mois pourra 
causer des difficultés. Au commencement, 4 cause des énormes quantités encore 
emmagasinées, on ne sentira pas des fluctuations trop grandes, mais aprés un nombre 
d’années on pourra bien produire des effets qui sont difficiles 4 prevoir». 

Mr. Hazan: «L’éxploitation dépend des nécessités agricoles. On ne peut irriguer 
a n’importe quel moment. L’exploitation se fera par quantités convenables dispensées 
sur toute I’étendue de la plaine. On ne prélevera, du moins en premiére période, que 
la quantitée d’eau correspondant a l’apport annuel et pas plus. L’irrigation débitera 
d’ailleurs par une sorte «d’exploitation contr6lée» en lachant une premiére tranche 
de 500 1/s 4 1 m 3/s par exemple en contrélant les effets produits tant sur les niveaux 
que sur la qualité de l’eau de cette nappe. Si les résultats sont bons, on débloquera 
alors d’autres tranches de pompage». 

Mr. GOLDscHmipT: «Transmissivities and storativities derived from pumping, 
and interference tests, frequently differ rather considerably from those derived from 
water balances of a certain area of the underground water catchment. As the latter 
method is more characteristic of the nature of the aquifer, might it not be advisable to 
base the water policy on data obtained from underground water balances»? 

Mr. HAZAN : «La méthode des «bilans» ne peut étre qu’approximative, puis- 
qu’elle fait appel a des coefficients théoriques. D’autre part, il faut pouvoir toujours 
connaitre ce qui rentre et ce qui sort dans tout bilan. Or dans le cas de Berrechid 
Pexutoire était difficile 4 apprécier. D’autre part les résultats obtenus a partir d’essais 
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de débit, sont des chiffres représentant la valeur absolue intrinséque de la caractéris- 
tique hydrogéologique d’un puits. A condition de multiplier le nombre de puits ot 
les essais sont exécutés, cette méthode est certainement plus précise et se rapproche 
de la réalité. L’exemple du calcul de l’apport moyen annuel A la nappe par deux 
méthodes differentes donnant des résultats comparables prouve que la méthode n’est 
pas si mauvaise». 

Mr. VOLKER : « Est-ce que le sous-sol est suffisamment homogéne pour considérer 
les essais de pompages comme étant représentatifs pour les conditions géotechniques 
de la région? (Voir la question de M. Goldschmidt)». 

Mr. HAZAN: «C’est un bassin de grés Phiocéne homogéne. D’ailleurs les résultats 
obtenus sur les 30 forages montrent une certaine uniformité des valeurs». 

Professor SCHOELLER : «Je suis d’accord avec MM. Moullard et Hazan; la 
transmissivité n’a rien 4 voir avec |’alimentation. C’est une valeur propre au terrain 
aquifére et a l’eau. Il s’agit de l’appliquer judicieusement pour le calcul de l’alimen- 
tation, en particulier lorsque les terrains sont hétérogénes. Le grand nombre de mesures 
de ia transmissivité par les auteurs sont un garant des resultats qu’ils ont obtenus». 


PROCEEDINGS OF THE SESSION 
OF 1st AUGUST. 1960. AT 3 p.m. 


PRESENT: Messrs. Maxey (Vice-President, in the Chair), Ackermann, Adem, 
Alberto, Allard, Allen, Ambroggi, Batisse, Becksmann, Bogomolov, Bollmann, 
Boocock, Breddin, Buhle, da Costa, Darlot, Diaconu, Dieler, Dixey, Dumituscu, 
Ebert, Goldschmidt, Grahl, Hazan, Henning, Jennings, Jensen, Karrenberg, Keller, 
Krul, LaMoreaux, Lindner, Lyshede, Maddock, Mandel, Mann, Margat, Matthess, 
Monition, Néring, Poland, Popov, Richter, de Ridder, Rodier, Santing, Sayre, 
Schoeller, Schubert, Serra, Simojoki, Skibitzke, Stretta, Swales, Szesztay, Tscheltzoff, 
Tison, Tixeront, Todd, Ubell, Volker, Wallen, Walton, van Wijngaarden, Wolf, 
Buchan (Secretary), and Mesdames Lindner, Schmorak and Tkachouk. 


* 
* * 


Dr. G.B. Maxey (U.S. A.) presided over the Third Session of the Commission 
at which the following reports were presented: 

1. Electronic computers as an aid to the analysis of Hydrologic problems, 
by H.E. Skibitzke (U.S. A.). 

2. La carte des Zones Arides comme document préliminaire a l’étude des eaux 
souterraines et l’établissement des cartes hydrogéologiques, by E.J.P. Stretta 
(UNESCO). 

3. Recherches hydro-géologiques aux Pays-Bas, by N.A. de Ridder (Netherlands). 

4. L’apercu agro-hydrologique des Pays-Bas, by W.C. Visser (Netherlands 
presented by A. Volker. 

5. Die Hydrogeologische Karte 1 : 100.000 von Nordrhein-Westfalen, by 
H. Karrenberg (Germany F.R.). 

6. Presentation of hydrologic data on maps in the United States of America, 
by J.A. da Costa (U.S.A.). 

7. The new hydrogeological maps of the Water Supply Administration in North 
Rhine Westphalia, by H. Breddin and H. Dieler (Germany F.R.). 

The following papers were read in title only: 

8. Zones géographiques des eaux phréatiques, by A. Wieckowska (Poland). 
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9. Types of ground water appearing in the areas of the Post-Glacial Lowland 
in Poland in a detailed hydrogeographical mapping, by T. Celmer (Poland). 

10. Méthodes par 1l’établissement des cartes hydrogéologiques, by P. Russo 
(France). * 


DISCUSSION 
Report by Mr. Skibitzke 


Mr. MANDEL: «In actual fact you have often to do with situations which are 
describable only within certain limits of accuracy; also you have to find solutions to 
various schemes of pumping, climatic possibilities, etc. Is it neccessary to build a 
special model for each such variation or have you worked out a more elastic ap- 
proach ?»» 

Mr. SkipiITzKE: «Computers are obviously used for determining parameters. 
A very interesting science on this subject is being developed in the United States. 
That evades the issue, however, in that a computer is designed so that all information 
is used. Mathematical idealizations eliminate the environment and do not use even 
the meagre data available. Our choice then is: 1. Mathematical idealizations of the eli- 
mination of even the small amount of data available, or 2. Computer € the use of 
all data that is available». 


Report by Dr. Stretta 


Dr. SAyrRE: «The principal problem in developing ground water in arid zones 
is fundamentally similar to that in humid zones—namely to balance withdrawals 
with the quantity of recharge or replenishment. The chief difference arises from the 
fact that in humid zones recharge begins each year when vegetation becomes dormant 
and continues until early summer when vegetation begins to transpire more water 
than falls on the land surface and water levels begin to decline. But in arid zones 
there is a perennial scarcity of precipitation, and in most years the annual sum of 
precipitation plus surface infiltration is less than the sum of evaporation and trans- 
piration, therefore water levels continue to decline for periods of many years. Howe- 
ver, in periods which may be separated by many dry years during which there is no 
recharge, we have years of heavy precipitation during which precipitation, plus 
infiltration from streams, exceeds withdrawals by evaporation and transpiration. 
Consequently, in these widely separated periods (20 to 30 years or more) there is 
recharge and the water level rises. Thus, the principal difference between arid zones 
and humid zones lies in the periodicity of periods of recharge, and the methods of 
study may be quite similar except for the time scale». 

Dr. STRETTA : «Les problémes sont nécessairement les mémes mais ce sont les 
moyens de les résoudre et les techniques utilisées qui sont différents. On citera en 
particulier les problémes lithologiques et structuraux des relais hydrauliques souter- 
rains, l’imperméabilité superficielle des fonds de vallée en zone aride, etc. Ceux-ci 
contribuent encore davantage 4 modifier le calcul des bilans, et cela dépend essentiel- 


lement des études géologiques et structurales des lieux». 


Professor KruL : «M. Stretta a dit que dans les zones arides, contrairement 


aux zones humides, c’est le géologue qui doit étre consulté en premier lieu avant de 
composer une carte hydrologique. Je suis d’avis que pour les régions humides égale- 


ment, le géologue doit avoir la premiére place pour la composition de cartes hydrolo- 
giques». 


16 


) 


Dr. Stretra : «C’est bien évident mais on constate qu’il n’en est pas ainsi dans 
les zones tempérés et humides ow l’on estime bien souvent pouvoir se passer des 
études géologiques pour entreprendre des prospections d’eaux souterraines». 

Professor SCHOELLER : «Les statistiques générales de la teneur en Cl des eaux 
souterraines donnent une bonne image de l’aridité non seulement en Russie (Garmo- 
noy), mais également dans tout le secteur allant du Nord de la France au Sahara 
(Schoeller). On peut donc avoir une superposition générale des cartes d’égale teneur 
en Cl de l’eau des nappes et des cartes d’aridité. Evidemment il ne faut pas tenir 
compte des éléments isolés rentrant dans la statistique. Ainsi dans les zones arides, 
les eaux des calcaires 4 grand coefficient d’alimentation ont des teneurs faibles en 
chlore. Et il en est de méme des eaux sortant de la base des sables des dunes du Grand 
Erg Occidental le long de la Saoura, ow l’évapotranspiration est extrément faible 
du fait de la quasi absence de végétation et de l’infiltration trés rapide. Il n’y a 
que quelques dizaines de mg/litre de Cl. La concentration en Cl donne une image 
de Valimentation des nappes, 14 ot |’on peut négliger les phénoménes de dissoluti- 
on des chlorures des terrains». 

Dr. STRETTA : «C’est uniquement dans la mesure ou l’on peut rencontrer des 
eaux superficielles assez abondantes que cette remarque est valable. En effet ces 
eaux superficielles sont soumises a l’évaporation laquelle augmentera d’autant plus 
la teneur en C1. Dans de nombreuses zones arides, telles que la Syrie, le Nord-Est 
du Brésil et le Nord du Mexique par exemple, nous avons fréquemment remarqué 
que les seules ressources aquiféres disponibles provenaient précisement de sables de 
type dunaire ou de circulations karstiques dans les calcaires, et qu’il n’existait pour 
ainsi dire pas d’eaux superficielles. Quand ces phénoménes constituent la caracté- 
ristique hydrogéologique principale, sinon unique, sur plusieurs centaines de Km? 
de superficie, la prise en considération des concentrations en Cl ne peut plus apporter 
d’éléments utiles 4 l’estimation des caractéres d’aridité». 


Report by Dr. Karrenberg 


Mr. SANTING: «In the maps discussed by Dr. Karrenberg, impermeable forma- 
tions are not indicated. Yet the presence of impermeable or semi-pervious strata or 
lenses, separating water-bearing formations, may greatly affect the flow pattern of 
the ground water and the possibilities of its exploitation. Are these effects of semi- 
pervious or impermeable layers sufficiently apparent from the data represented on 
the maps»? 

Dr. KARRENBERG: «If it seemed to be important, the top and the basis of the 
water-bearing beds were represented in the maps by contour lines. In this way—indi- 
rectly—the limitation of the semi-pervious or impermeable layers is marked (for 
instance, basis of Pleistocene sands and gravels or top of Turonian calcarean for- 
mation). The possibility of exploitation is not only demonstrated by the geome- 
trical position of the aquifers, but depends also on many other essential facts. All 
these effects are represented in our map by the «Hoffigkeit» indicated by different 
colours of the hatchings and signs». 

Mr. AmBrocci : «Est-ce que les possibilités d’extraction d’eau font V’objet de 
cartes annexées? Ou sont-elles figurées dans la carte principale»? 

Dr. KARRENBERG : «L’extraction rée//e d’eau est l’objet d’une carte annexée, 
mais les possibilités d’extraction d’eau sont representées dans la carte principale». 

Professor SCHOELLER : «Est-ce que la présence de plusieurs nappes superposces 
ne complique pas trop la présentation des cartes»? ; 

Dr. KARRENBERG : «La superposition de plusieurs nappes complique un peu la 
présentation des cartes. Mais chaque lecteur, qui se fait la peine de les étudier, les 
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comprendra en peu de temps. C’est la méme chose que pour les cartes géologiques; 
elles ne sont pas 4 comprendre au premier moment. En outre la structure géologique 
est présentée dans notre carte géologique 4 méme échelle et publiée en méme temps». 


PROCEEDINGS OF THE SESSION 
OF 2nd AUGUST. 1960. AT 9.30 a.m. 


PRESENT: Messrs. Bogomolov, (Vice-President, in the Chair), Ackermann, 
Allard, Allen, Ambroggi, Andreae, Becksmann, Bestow, Bollmann, Boocock, 
Bézsény, Breddin, Buhle, da Costa, Darlot, Diaconu, Dieler, Dixey, Dumituscu, 
Durum, Elbert, Friedrich, Grahl, Hazan, Henning, Jennings, Jensen, Karrenberg, 
Keller, Koroleff, Krul, LaMoreaux, Langbein, Lugiez, Mandel, Mann, Margat, 
Matthess, Maxey, Mink, Monition, Nahrgang, Néring, Poland, Popov, Remenieras, 
Richter, de Ridder, Rodier, Saarinen, Safadi, Santing, Sayre, Schoeller, Schubert, 
Serra, Shaw, Skibitzke, Snyder, Stelczer, Stretta, Swales, Szesztay, Tison, Tixeront, 
Todd, Tscheltzoff, Ubell, Vibert, Visher, Volk, Volker, Waltion, Wolf, Buchan 
(Secretary), and Mesdames Morozovskaya, Schmorak and Tkachouk. 


* 
* * 


Professor G. V. Bogomoloy (U.S.S.R.) presided over the Fourth Session of the 
Commission at which the following reports were presented: 

1. Présentation des cartes hydrochimiques du Maroc, by J. Margat (Morocco). 

2. Légende générale des cartes hydrogéologiques du Maroc, by R. Ambroggi 
and J. Margat (Morocco), presented by R. Ambroggi. 

3. Method of compiling hydrological maps in scales 1 : 1.000—1 : 500.000— 
L : 200.000 and 1 : 100.000, by M.E. Altovsky and N. A. Marinoy (U.S.S.R.), presen- 
ted by Madame Morozovskaya. 

4. Main principles and methods of compiling survey (small scale) hydrogeolo- 
gical maps of U.S.S.R., by V.I. Dukhanina, N.A. Marinoy and M.V. Churinov 
(U.S.S.R.), presented by Madame Morozovskaya. 

5. Areal hydrogeological mapping of some parts of the East Sibera, by V.G 
Tkachouk and E.V. Pinneker (U.S.S.R.), presented by Madame Morozovskaya. 

The following papers were read in title only: 

6. Types of hydrogeological maps compiled during investigation of artesian 
basins of platform type, by B.F. Mavritski (U.S.S.R.). 

7. Considération sur la réalisation des cartes hydrogéologiques, by G. Laclavére 
(France). 

8. Cartes des eaux souterraines en Belgique, by M. Gulinck (Belgium). 

The Commission then proceeded to discuss hydrogeological maps. 


DISCUSSION 
Report by Mr. Margat 


Mr. BEestow: «What is the density of borehole drilling used for the preparation 
of the hydrogeological maps»? 


Mr. MarGart : « Dex mille analyses d’eau complétes pour l’ensemble du Maroc 


18 


. 


(600.000Km?), mais la densité des points d’eau analysée est trés variable suivant 
les régions». 

To a question «what types of medicinal waters are found in Morocco» Mr. 
MaroGatT replied : «Eaux froides ou chaudes bicarbonatées calciques, sodiques et 
magnésiennes, et eaux chaudes sulfureuses». 


Professor KRUL : « De quelle facon se sert-on des cartes hydrologiques? Est-ce 
qu’elles sont distribuées 4 un certain nombre? Est-ce qu’elles servent plut6t ce base 
pour les études des services hydrologiques»? 


Mr. MarGat : «L’impression des premiéres cartes hydrogéologiques débute 
seulement au Maroc et leur diffusion n’a pas encore été commencée. Jusqu’a présent 
elles ont surtout servi comme document de travail interne pour concrétiser et synthé- 
tiser l'état des connaissances dans chaque région et pour dresser des programmes 
d’études et de travaux de recherche. Nous n’avons donc pas encore expérimenté leur 
utilisation publique mais nous pensons que les usagers seront assez peu nombreux 
comme dans la pupart des pays sous developpés et qu’ils seront les ingénieurs des 
Travaux Publics ou de l’Agriculture de 1’Administration de l’Etat. D’une maniére 
plus générale nous pensons que le but des cartes hydrogéologiques n’est pas de 
permettre a leurs utilisateurs de résoudre des problémes sans faire appel a I’hydro- 
géologique, mais plutdét de vulgariser la nécessité de l’intervention de ce dernier et 
d’aider a lui poser des problémes intelligemment». 

Madame SCHMORAK : «Quelle est la fréquence des analyses chimiques que vous 
avez faites et est-ce que la carte qui est représentée ici montre un état moyen de la 
nappe ou bien la salinité des eaux souterraines 4 une date précise»? 


Mr. MaArGAT : «Les cartes de synthése a petite échelle représentent un état 
moyen de la salinité des eaux souterraines. Des contréles des variations de concen- 
tration dans le temps des eaux souterraines sont effectués en plusieurs régions; ils 
ont montré que l’amplitude de ces variations est généralement faible (ordre de 1 a 
quelques g/I1deconcentration totale) alors que les variations dans |’essai sont beaucoup 
plus grandes (de 0.2 a plus de 100 g/l)». 


Report by Messrs. Ambroggi and Margat 


Dr. STRETTA : «Il semble utile de prévoir, a l’usage du grand nombre de pays 
insuffisament developpés qui par exemple ne possédent qu’une couverture topo- 
graphique ou géologique réguliére au millionigme ou 1/500.000, un type particulier 
de carte hydrogéologique ou d’eaux souterraines immédiatement utilisable pour 
les prospections hydrogéologiques et plus facilement réalisables. Par ailleurs ces 
cartes ne nécessitent pas un aussi grand nombre d’observations sur le terrain et intéres- 
sent de ce fait un grand nombre de pays ou les spécialistes de ces questions sont encore 
peu nombreux». 

Mr. AmsBrocci : «Je suis d’accord. Il faut prévoir 2 sortes de cartes : 1) des 
cartes hydrogéologiques qui font la synthése de toutes les connaissances hydrogéolo- 
giques; 2) des cartes des eaux souterraines qui permettent de représenter les indica- 
tions sommaires que 1’on posséde». 

Dr. SHAW drew attention to the desirability of keeping the symbols that might 
be adopted for international hydrological maps as far as possible the same as those 
used and widely understood in other maps. As far as geology was concerned, he 
- noticed for instance (p. 5 of the General List of Conventional Signs on Hydrogeolo- 
gical Map of Morocco) that the signs for anticlinal and synclinal axes were different 
from those commonly used, and further, that it was inconsistent that the pitch should 
be shown on the synclinal but not on the anticlinal axes. Again, the arrow on 
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symbol immediately suggested to him the dip of the fault plane but the legend shows 
that it is merely about the dip of the fault plane. 

Mr. AmBRoGGI : «Ces remarques sont parfaitement justifiées dans le cas d’une 
standardisation internationale. Dans ce cas il convient d’adopter les signes conven- 
tionnels admis dans la légende internationale des cartes géologiques». 

Professor KRUL : «Comme suite a la discussion sur la desirabilité d’appliquer 
des symboles identiques dans les différents pays, je puis communiquer que la prési- 
dence de la Commission des Eaux Souterraines se propose d’instalier un petit comité 
qui devrait étudier la possibilité d’une certaine normalisation dans la réalisation 
de cartes hydrologiques comme résultat de l’exposition actuelle et des séances dédiées 
a ce sujet». 

Mr. Amprocai : «Accord total pour la création d’un comité de standardisation 
qui répond parfaitement aux voeux du Maroc dans 1’établissement des cartes hydro- 
géologiques, principalement dans le cadre de la zone aride». 

Dr. KARRENBERG: «The International Association of Hydrogeologists is also 
occupied with the standardisation and simplification of hydrogeological maps. Some 
work has been done in the past one or two years. No doubt there is some overlapping 
of the interests of the two Associations, but I believe—as the representative of the 
International Association of Hydrogeologists—that the efforts of the one does not 
make useless the efforts of the other. The end of our working is still so far away and 
the road is so difficult that it is necessary to go together. We hope to achieve a good 
collaboration in this very urgent task». 

Mr. AMBROGGI : «Je pense qu’a l’occasion du Congrés d’Helsinki, il faut aboutir 
a une standardisation internationale sur le mode de représentation des cartes hydro- 
géologiques. Aprés quoi, il conviendra de répartir les taches, encore nombreuses, 
entre les Associations interéssées». 

Mr. ViBperRT 1) prie l’auteur de la communication de bien vouloir lui faire con- 
naitre quel est le mode de représentation qu’il estime devoir étre le plus opportun, 
si ce n’est le plus efficace, quand il existe dans le méme région plusieurs nappes ou 
gisements aquiféres superposés. 2) Par ailleurs, il signale qu’une carte des caractéres 
physiques, niveau piézométrique notamment, ne peut avoir qu’un caractére provi- 
soire quand il s’agit d’un gisement aquifére fortement sollicité : cas de la nappe 
Albienne du Bassin parisien, par exemple. 3) Il en est de méme dans une certaine mesure, 
d’une carte des caractéres chimiques. 

Mr. Amprocai : «1) Les régions ot il existe plusieurs nappes superposées sont 
heureusement assez rares a |’échelle du monde. Cependant dans ces cas-la la seule 
représentation possible pourrait étre un atlas de plusieurs calques, chaque calque 
ou carte representant un niveau aquifére. 2) Les caractéres physiques d’une nappe 
(niveau piézometrique, etc.) se modifient sous l’influence de l’exploitation humaine. 
Toutefois ces régions sont limitées, et il convient surtout de représenter ta nappe dans 
son état naturel. Dans les zones 4 modifications importantes il deviendra nécessaire 
de procéder a une révision périodique des cartes. 3) Méme reponse que 2)». 


Report by Messrs, Dukhanina, Marinoy and Churinov 


Professor SCHOELLER : «L’U.R.S.S., ?U.S.A., la Tunisie, Le Maroc, |’Alle- 
magne ont tous fait des cartes géologiques excellentes. On peut constater une certaine 
convergence des points de vue et des représentations que l’on doit pouvoir utiliser 
pour internationaliser les représentations des cartes hydrogéologiques». 

Dr. MANN: «What is the source of information on water quality at depths of 
as much as 2 500 metres? Are these oil or water wells? Is any fresh water produced 
from aquifers by drilling as deep as 2 500 metres ?» 
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Madame Morozovskaya: «The information is from oil wells and test holes 
drilled for information. No fresh water is produced from depths as great as 2 500 m. 
Mr. AmsBroGGi : «Dans certains cas il est nécessaire d’avoir plusieurs cartes 
représentant hydrogéologie d’une méme région. Aussi il faut envisager deux types 
de représentation : 1) une carte hydrolgéologique générale, 2) un atlas de plusicurs 
cartes. L’atlas devrait étre une représentation limitée aux cas exceptionnels». 

Mr. UBELL: «By hydrogeological mapping we are able to determine and represent 
the occurrence and regime of water-bearing formations on the basis of geological 
characteristics from a static point of view. The final purpose of the research can be 
defined as determining the quantitative values of the natural ground water and the 
real movement values of ground water, i.e. the dynamical characteristics of the 
geohydrological conditions». 

Mr. HAZzAN : «Dans la représentation des cartes hydrogéologiques pour bassins 
artésiens, il n’a pas été question de données quantitatives nécessaires a l’exploitation 
de ces bassins. Pourrait-on savoir ot en sont les études et les méthodes utilisées en 
URS. S.>2 


Report by Madame Tkachouk and Mr. Pinneker 


Dr. Maxey: «For what purposes are the small-scale maps (1,500,000 and 
1,000,000) used? 

Madame Morozovskaya: «Primarily for broad-scale planning and programming 
in water-supply studies». 

Dr. MANN: «Does the U.S.S.R. have national standards which specify the 
limiting concentration of various ions for different water uses? Are these published ? 
If so, will you indicate where they are published»? 

Madame MorozovsKAYA: «There is a limit of one gram per litre of total dissolved 
solids». 

Dr. KARRENBERG: «It would be necessary to get a written description of the 
methods for planning hydrogeological maps with little models of maps as we have 
seen in the paper of Maroc. The models should show all kinds and all scales of Russian 
hydrogeological maps. The time is too short to study the maps presented in the exhi- 
bition in all details. Such models of maps are necessary for the proposed standardisa- 
tion». 

The Commission then proceeded to discuss hydrogeological maps. 

Professor SCHOELLER and Dr. MAxey both suggested that the discussion should 
be centred on small-scale maps. 

Professor Krux remarked that a decision on the purposes of the maps should 
precede the section of suitable scales. 

Professor SCHOELLER said that three types of information could usefully be 
shown on small-scale hydrogeological maps: 1) Geological—Using a geological 
map as a basis, both impermeable and water-bearing formations could be shown, 
ornaments or symbols being added where necessary to indicate the lithological 
character. It should also be possible to include information about concealed aquifers. 
2) Hydrological—Water levels could be shown by isohypses (piezometric contours). 
If there was insufficient information for this, the direction of flow could be shown by 
arrows. These might have to be limited to the phreatic water and the most important 
of the confined aquifers; one in continuous and the other in broken lines. If there 
were other aquifers, information would have to be given on the margin of the map. 
The hydrogeological maps should include the position of wells, boreholes and springs, 
or groups of these. Descriptions ( yields, etc.) could be added in a text accompanying 
the map. 3) Geochemical—Various characteristics could be presented as isochlores 
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or isocones for example. It might be necessary to give them cartographic representation 
by symbols. 

Dr. AmBRoGGI! proposed that the maps should fullfill three needs, technical, 
scientific and pedagogic. 

Professor BoGOMOLOVv said that the aim should be to construct a hydrogeolo- 
gical map similar to the geological map, for example of Europe and Africa. The 
immediate aim of the Commission should be to recommend methods of presenting 
information and the type of legend to be used. The hydrogeological map should 
be based on the geological map and would therefore require the joint efforts of the 
International Association of Scientific Hydrology and the International Association 
of Hydrogeologists. 

Mr. UBELL agreed that the most important subjects to be decided were which 
hydrological factors should be included and how they should be represented. 

Professor SCHOELLER pointed out that it was necessary to distinguish the study 
of small-scale hydrogeological maps from those of Jarge scale since the purposes 
for which the maps would be designed were not the same and the methods of presen- 
tation would be different. Large-scale maps we_e intended to be used by geologists 
and agricultural water supplies. Small-scale maps should provide a general represen- 
tation of the hydrogeology including the resources for large regions. These maps 
should also give general information, for stimulating scientific ideas, for teaching 
and for the direction of research, for example in arid regions. 

Dr. AmBroGGI proposed the adoption of a common legend, as complete as 
possible, and that this should be simplified when the scale was reduced. 

Mr. VIBERT drew attention to some of the difficulties of presenting the hydro- 
dynamic characters of the water-bearing beds. He pointed out the problem of showing 
water levels which were liable to extreme fluctuations after droughts or periods of 
excessive rainfall. He also remarked on the difficulty of recording spring flows, which 
might vary in the course of a year as well as over a period of years. To indicate average 
yields would present problems because of lack of information. Mr. Vibert concluded 
that it would be wise to indicate, in a note attached to the map, measured yields at 
different times with the relevant dates. 

Professor KRUL said that it was necessary to have small-scale maps to give a 
general picture of large territories. These maps should include geological data and 
show arid and humid areas. The permeability and non-permeability should be indi- 
cated, and information included about different aquifers at depth. More details 
would be required and could be included on large-scale maps. He suggested that 
standardisation of presentation and legend should be the task of a sub-committee. 

Professor BoGoMoLoyv then proposed that the following committee should 
examine the various suggestions that had been made and, before leaving Helsinki, 
formulate recommendations on the hydrogeological features to be shown on hydro- 
geological maps: 


Messrs. Krul, Maxey, Buchan and Schoeller, with a representative from Germany, 
Hungary, Morocco and U.S.S.R. 

Professor KRUL recommended that a committee should be set up to continue 
the work of standardisation between the Assemblies. 

Professor BoGoMOLOv accepted that this recommendation should be placed 
before the next President of the Commission for consideration. 

Mr. TSCHELTSOFF asked that other interested countries should participate in 
the work of the Commission on hydrogeological maps. He instanced Tunisia, where 
new hydrogeological maps were in preparation. 

Mr. TIxXERONT recommended that the hydrogeological maps of the different 
countries should be exchanged on a wide basis. He also recommended that the 
hydrogeological maps assembled for the Symposium should be published and circu- 
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lated. Thus everyone concerned could continue the study of the subject between 
Congresses. 


PROCEEDINGS OF A SPECIAL SESSION 
ON 2nd AUGUST. 1960. AT 2.30 p.m. 


PRESENT: Messrs. Krul (President, in the Chair), Ambroggi, Batisse, Bogomoloy, 
Breddin, da Costa, Dieler, Dixey, Henning, Karrenberg, Margat, Maxey, Richter, 
de Ridder, Santing, Schoeller, Stretta, Szesztay, Tixeront, Tscheltzoff, Ubell, Buchan 
(Secretary), and Madame Tkachouk. 


* 
* * 


Piesentation of hydrogeological information in map form was originally 
discussed (*) by the Commission at a special meeting held during the Assembly 
in Rome in 1954. On that occasion the subject «Methods used in the production of 
hydrogeological maps, showing the occurrence, quantity and quality of ground 
water» was selected as one of those to be studied during the ensuing three years for 
presentation of reports and discussion at the Toronto Assembly in 1957. 

Although two sessions were devoted to a useful exchange of ideas about hydro- 
geological maps at the Toronto Assembly and some maps were displayed, those who 
took part felt that the subject sufficiently important to justify further (**) study 
before making any attempt to standardise methods of presenting data. Accordi- 
ngly the Commission agreed to extend the study over another period of three years 
and to present the results at the Helsinki Assembly in 1960. The Commission also 
recommended that hydrogeological maps should be exhibited at the Helsinki As- 
sembly with a view to encouraging the production not only of national maps but 
also of interstate or international maps. 

At the request of the UNESCO Advisory Committee on Arid Zone Research the 
Commission on Subterranean Waters was asked to hold a symposium on hydrogeo- 
logical maps at Helsinki in 1960. This was most successful. Ten countries (Germany, 
Hungary. Isiae!, Italy, Morocco, The Netherlands, Tunisia, Union of South Africa, 
United States of America, Union of Soviet Socialist Republics) as well as UNESCO, 
contributed to the most important international collection of hydrogeological maps 
ever exhibited. Two sessions were devoted to discussion of papers on this subject. 
Following these the President called a special meeting. 

Professor W.J. F. M. KRuL (Netherlands) presided over the Special Session of the 
Commission held to discuss progress made in the study of hydrogeological maps 
and to make recommendations for the future. 

Dr. BatissE stressed the importance of water and referred to the UNESCO 
programme on arid zones in various parts of the world, as well as to the work of 
the UNESCO Advisory and Research committees. UNESCO would be greatly 
assisted if it wouid have information about potential ground-water resources, prefe- 
rably concentrated on small-scale maps ,1/500.000 or 1/1,000,000), as an aid to deve- 


(*) Gen. Ass. int. Un. Geod., Int. Ass. Sci. Hydrol., Rome 1954. Publication 


37, vol. 2, 1955, p. 21. 
(**) Gen. Ass. int. Un. Geod., Int. Ass. Sci. Hydrol., Toronto 1957. Publi- 


cation 44, vol. 2, 1958, p. 17. 
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lopment. There was at present no general guide to the type of information about 
ground water that should be indicated on meps. If the minimum requirements 
could be difined and standarised so that basic information could be obtained and 
presented in map form, it would be of great benefit, particularly to the arid countries. 

Di. Drxey suggested that the initial requirement was small-scale maps giving 
only essential information. Other maps, on a large: scale if necessary, could follow 
as more information became available. 

Professor KRUL said that the Commission should think of a country which had 
no such maps and attempt to draw up the simplest type of guide for the presentation 
of essential information. 

Professor SCHOELLER suggested that if a geological map was used as the basis, 
impermeable areas could be indicated by full colours and permeable areas by paler 
shades. The direction of ground-water movement should be included. If there was 
more than one aquifer, supplementary information might have to be given in the 
margin to avoid overloading the map. Inset maps could be added to show more detail. 
A booklet would be the ideal form of guide. 

Professor BoGoMOLOV suggested that the maps which had been exhibited could 
be offered to UNESCO so that a model map could be produced for use in the arid 
areas. 

Dr. BaTissE said that an objection to the use of these maps in the form of an 
atlas would be the high cost of reproduction. The circulation of a list of symbols 
in the form of a legend, with a small map to illustrate their use, would be preferable 
to circulating the maps exhibited in the Symposium. He suggested that the contribution 
made by Messrs. Ambroggi and Margat entitled «General List of Conventional 
Signs on Hydrogeological Map of Morocco» was an excellent example of the type 
of presentation that would meet the requirements. The distribution and exchange of 
published maps by the organisations which had prepared them would be helpful, 
but would be a matter for the consideration of the individual countries. 

Dr. Drxey proposed that a committee of the Commission should prepare a 
booklet like that of the Morocco report and draw up a list of published hydrogeolo- 
gical maps for distribution. 

Professor KRrut felt that it was practicable for a committee to undertake, as an 
immediate task, the preparation of a draft booklet for the interim use of UNESCO 
and the interested countries. At the same time UNESCO could be given examples 
of the published maps. In course of time the draft could be modified and details filled 
in. The long term work of the committee should be aimed at standardisation. 

Dr. BATISssE stressed that it was necessary for the Commission to give some form 
of guidance at once, as hydrogeological mapping was likely to be undertaken before 
the Commission met again at the next Assembly. 

Professor KRUL then put to the meeting that a Standing Committee should be set 
up 1) to make an interim report and recommendations to UNESCO, before the end 
of the Helsinki Assembly, on the type of information to be presented in small scale 
hydrogeological maps, with special reference to arid zones, and 2) to continue the 
study of standardsiation of methods of presenting hydrogeological data on both 
mall and large scale maps and to report to the Commission at the next General 
Asssembly of the Union. 

It was agreed 1) that the Standing Committee consist of one representative of 
each of the following countries: France, Germany, Great Britain, Hungary, Morocco, 
Netherlands, U.S.A. and U.S.S.R., 2) that the Committee should include also one 
representative from UNESCO and one from the International Association of Hydro- 
geologists, 3) that the President, Vice-President and Secretary of the Commission 


on Subterranean Waters should be ex officio members of the Committee and 4) that 
the Committee should have powers to co-opt. 
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The following Committee was then elected Messrs. Buchan: (Great Britain, 
Chairman), Santing (Netherland Secretary), Ambroggi (Morocco), Dixey 
(UNESCO), Karrenberg (International Association of Hydrogeologists), La Moreaux 
(U.S.A.), Ubell (Hungary) and Zaitsoff (U.S.S.R.). 


The Standing Committee on Hydrogeological Maps met and, using the contri- 
bution made by Messrs. Ambroggi and Margat of Morocco as the basis, drew up 
interim recommendations on methods of presenting hydrogeological information 
in map form. This was submitted for transmission to UNESCO. 

The Committee subsequently met to draw up a programme for carrying out its 
second task. All the nations who contributed to the exhibition of maps in the Sympo- 
sium were asked to make them, or copies of them, available to the Committee to 
assist it in its work. The collaboration of all nations engaged in the preparation of 
hydrogeological maps was also invited to further the work of the Committee. 


PROCEEDINGS OF THE SESSION 
OF 3rd AUGUST. 1960. AT 9.30 a.m. 


PRESENT: Messrs. NGring (Chairman), Abdulla, Ackermann, Allard, Allen, 
Andreae, Becksmann, Bogomoloy, Bollmann, Bonnefille, Boocock, Broecker, Buhle, 
Da Costa, Dixey, Durum, Gast, Grahl, Hazan, Jennings, Krul, LaMoreaux, Langbein, 
van Lopik, Lugiez, Mandel, Mann, Matthess, Maxey, Mink, Miinnich, Nahrgang, 
O’Donnell, Poland, Richter, Saarinen, Safadi, Santing, Sayre, Schiff, Schoeller, 
Shaw, Sirdu, Skibitzke, Smekian, Swales, Tscheltzoff, Tison, Todd, Truter, Ubell, 
Visher, Walton, Wilm, Wolf, Buchan (Secretary), and Madame Schmorak. 


* 
* * 


Dr. F. Néring (Germany F. R.) presided over the Fifth Session of the Commission 
at which the following reports were presented: 

1. Hydrogeological field work with radioactive tracers in Israel up to May, 
1960, by S. Mandel (Israel). 

2. Tritium as a hydrologic tool—The Wharton Tract study, by C. W. Carlston, 
L.L. Thatcher and E.C. Rhodehamel (U.S.A.), presented by W.B. Langbein. 

3. Radioisotopes in the laboratory for studying ground-water flow, by H.E. 
Skibitzke (U.S. A.). 

4. The pattern of flow in the vicinity of a recharging and discharging pair of 
wells in an aquifer having parallel flow, by J.A. Da Costa and R.R. Bennet (U.S. A.), 
presented by J.A. Da Costa. 

5. Cia age determination of deep ground waters, by R. Brinkmann, K.O. 
Miinnich and J.C. Vogel (Germany F.R.), presented by K.O. Miinnich. 

6. Practices and problems in disposal of radioactive wastes into the ground, 
by J.A. Lieberman and W.S. Simpson (U.S.A.), presented by H.E. Skibitzke. 

The following paper was read in title only: 

7. Méthode d’Etude de la contamination des sols en place par les radioéléments, 
by J. Bourrier (France). 


These papers gave rise to a small amount of discussion which was not recorded. 
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PROCEEDINGS OF THE SESSION 
OF 3rd AUGUST. 1960. AT 3 p.m. 


PRESENT: Messrs. Sayre (Chairman), Ackermann, Ackermann (Junr.), Allard, 
Allen, Ambroggi, Andreae, Appleby, Becksmann, Bestow, Bissett, Bogomolovy, 
Bollmann, Boocock, Bézsény, Buhle, da Costa, Dixey, Goldschmidt, Grahl, Hazan, 
Jennings, Jensen, Johnson, Krul, La Moreaux, Lindner, van Lopik, Maddock, Mandel, 
Mansell-Moullin, Matthess, Maxey, Monition, Nahrgang, Néring, Nybrant, O’Don- 
nell, Poland, Richter, de Ridder, Safadi, Santing, Schiff, Schoeller, Shaw, Skibitzke, 
Stelezer, Stretta, Sutcliffe, Swales, Tison, Tixeront, Todd, Tscheltzoff, Ubell, Visher, 
Volker, Walton, Wilson, Wolf, Buchan (Secretary), and Mesdames Lindner, Schmorak 
and Tkachouk. 


Dr. A.N. Sayre (U.S.A.) presided over the Sixth Session of the Commission 
at which the following reports were presented : 

1. Flow pattern of fresh and salt water in the Biscagne aquifer of the Miami 
area, Florida, by F.A. Kohout (U.S.A.), presented by H.E. Skibitzke. 

2. Salt intrusion into coastal aquifers, by H.R. Henry (U.S.A.), presented by 
H.E. Skibitzke. 

3. Use of water levels in estimating aquifer constants in a finite aquifer, by M.I. 
Rorabaugh (U.S.A.), presented by J.A. da Costa. 

4. Land-subsidence in the San Joaquin Valley, California, and its effect on 
estimates of ground-water resources, by J.P. Poland (U.S.A.). 

5. Analyzing ground-water problems with mathematical models and a digital 
computer, by W.C. Walton and J.C. Neill (U.S.A.), presented by W.C. Walton. 

6. Apport des méthodes hydrogéslogiques 4 l’interprétation géologique des 
terrains, by P. Puchan (France), presented by H. Schoeller. 

7. Stratigraphic and structural guides to the development of water wells and 
well fields in a limestone terrane, bu P.E. LaMoreaux and W.J. Powell (U.S.A.) 
presented by P.E. LaMoreaux. 

8. Determination and representation of characteristic data for ground-water 
household, by K. Ubell (Hungary). 

The following paper was read in title only: 

9. L’évaluation graphique des résultats du pompage dans les nappes aquiféres 
a surface libre, by J. Lorenz (Czechoslovakia). 


DISCUSSION 


Reports by Messrs. Kohout and Henry 


Professor Topp: «It should be emphasised that the stream line pattern represents 
a mean flow case. Actual flows have complex fluctuations affected by tidal and seasonal 
factors. Most of the apparent upward flow of saline water along the line of maximum 


salinity gradient can be attributed to lateral dispersion of fluctuating horizontal 
flow». 


26 


lee ee ee ee 


——— ae 


“ 


Mr. SkiBITZKE: «Later dispersion is the cause of a density gradient which in 
turn furnishes the energy for movement». 

Mr. SANTING: «I would like to ask two questions with regard to Mr. Kohout’s 
interesting paper: 1) Is there any indication of anisotropy, stratification or non-homo- 
geneity of the aquifer? If so, that may have a considerable effect on the shape and 
position of the interface. 2) Could it be possible that the interface is lagging behind 
with respect to the present water levels? If recently some lowering of the water levels 
further inland has taken place, the interface may not yet have adapted itself to the 
new situation». 

Mr. SKIBITZKE: «The anisotropy in the Biscayne aquifer at Miami is not believed 
to be a controlling factor in the shape and position of the interface. Rather, the 
observed shape and position are believed to be controlled primarily by hydraulic 
and salt dispersion factors. In answer to the second part of your question, we do not 
believe that the interface is lagging behind the average water levels in the Cutler area 
since observations began. However, when a significant change in the hydrologic 
regimen occurs, such as the construction of a drainage canal, the dynamic stability 
is upset and the entire zone of diffusion begins to migrate inland. Movements of this 
kind are easily recognized and because of high permeability of the Biscayne aquifer, 
rather large adjustments of the salt-water front take place in only a few months’ 
time. A paper, which will be published in the Journal of the American Water Works 
Association in the next year, will describe an adjustment of this kind». 

Professor SCHOELLER : Est-ce que les phénoménes dits de diffusion comprennent 
| Jes retards d’eau salée dans le cas de descente de !’interface et les retards d’eau douce 
dans le cas de remontée, retards provoqués par la rétention»? 

Mr. SKIBITZKE: «The mixing is due to the variation of velocities across the inter- 
stices of an aquifer. This variation causes the material near the surface of the solid 
to move slower than that near the centre; the overriding faster moving liquid mixing 
by diffusion across the flow lines». 


Report by Mr. Rorabaugh 


Mr. Vo.Ker: «Another application of this theory is that of computing ground- 
water hydrographs (paper by Doodge). The effect of varying level of the open water 
(water stage of the river) can also be introduced in the computations. In fact, consi- 
derations as those mentioned by the author should be the theoretical base of the 
synthetic ground-water hydrographs». 


Report by Mr. Poland 


Mr. SKIBITZKE:«Would injecting the water directly into the formation tend to 
reverse subsidence»? 

Mr. PoLaNp: «In two subsiding areas in California where fluid head in confined 
aquifers is being restored toward initial levels, subsidence has been stopped but 
essentially no rise of land surface has occurred to date. About all of the compaction 
appears to represent permanent rearrangement of grains». 

Mr. VoLKER: «Are there any practical repercussions of this subsidence and, 
if so, what curative or preventive measures will be taken»? 

Mr. PoLaNnb: «These areas of active subsidence create serious problems in 
construction and maintenance of engineering structures of various types, but espe- 
cially big trunkline canals and irrigation distribution systems that must be main- 
tained on grade to function efficiently. Available evidence suggests that subsidence 


27 


can be stopped by partially restoring the artesian head decline that caused it. However, 
in some cases, construction of engineering structures to allow for estimated future 
subsidence may be less costly than taking direct measures for stopping subsidence. 
Thus, the answer involves economic as well as engineering analysis». 

Mr. HAzAN : «Par suite d’exploitation intensive du niveau aquifére artésien 
il y a eu affaissement du terrain. Quelle est, au niveau du terrain affaissé, la baisse de 
la charge stratifére de la nappe artésienne»? 

Mr. PoLAND: «The water table has not changed appreciably in most of the Los 
Banos-Kettleman City area, but the piezometric level of the artesian aquifer has 
been drawn down from 100 to 400 feet». 


PROCEEDINGS OF THE SESSION 
OF 5th AUGUST. 1960 AT 9.30 a.m, 


PresENT: Messrs. Krul (President, in the Chair), Andreae, Becksmann, Bestow, 
Bogomoloy, Bollmann, Boocock, Da Costa, Jennings, La-Moreaux, Matthess, 
Morandini, Néring, Poland, Richter, de Ridder, Santing, Sayre, Schoeller, Val, 
Buchan (Secretary), and Mesdames Schmorak and Tkachouk. 


ok 
* * 


Professor W.F.J.M. Krul (Netherlands) presided over the Final Session of the 
Commission, at which the following reports were read in title only: 

1. Relation of climatic factors and ground-water fluctuations at Ruakura, 
New Zealand, by J.C. Schofield (New Zealand). 

2. Studies on the seasonal fluctuations of water level and seasonal changes in 
chemical quality of ground water in the Delhi-Gurgaon, Punjab and Delhi States, 
by A.B. Biswas (India). 

3. Possibility of permanent observations of some elements in the domain of 
soil hydrology, by B. Blagojevic (Yugoslavia). 

4. Emploi de traceurs radioactifs pour l’étude du transport solide dans les cours 
d’eau, by M. Jaffry (France). 

The meeting then proceeded to discuss the programme of work for the Commis- 
sion over the next three years, and suggested the following subjects for consideration 
by the new officers of the Commission: 

1. Standardisation of hydrogeological maps. 

2. Use of geophysical methods for geohydrological investigations. 

3. Surface and ground-water relationships in water management. 

4. Study of ground water in deep strata. 

5. Turbulent movement of ground water in cracks and fissures. 
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. Field and laboratory approaches which recognise the effect of known unifor- 
mities of aquifers. 


7. Geochemistry of ground water. 
8. Ground-water temperature. 
9. Continue work on radioactive tracers. 


28 


_, en roe 
on Surface Waters to 


29 


“ won ete pc sy apn “= 
— oi Se - dnimmitaiien auteaie 


wm <The tap hnamelonecy silt ort ot S Sree 


epee Ds pein sets saresey oreo 
o> ese ee a 
hare bere x 
> taken dmorana hea-ae ea ee teem 
A =~ 


tf 


COLLOQUE SUR LES 
CARTES DES 
EAUX SOUTERRAINES 


SYMPOSIUM ON MAPS OF 
GROUND WATER 


A244 


Ae DML 
“au @tTTHAD : 
2AVIAARRATUOS KUAS 


Wi Neaviivye 
LJtAW tf os 


tga 


A. COMMUNICATIONS PRESENTEES 


LA CARTE DES ZONES ARIDES COMME 
DOCUMENT PRELIMINAIRE A L’ETUDE DES EAUX 
SOUTERRAINES ET L’ETABLISSEMENT DES 
CARTES HYDROGEOLOGIQUES 


ETIENNE J.P. STRETTA 
Expert en Hydrogéologie de l’ UNESCO 


RESUME 


On sait que les modalités d’étude des eaux souterraines ne sont pas les mémes 
selon que l’on se propose d’étudier une région tempérée ou humide, ou au contraire, 
une région aride ou franchement désertique. 

Par opposition aux régions humides, les zones arides possédent par elles-mémes 
un certain nombre de caractéristiques géographiques qui apparemment ne sont pas 
spécialement favorables a J’infiltration des eaux de pluie et leur emmagasinage. Il 
s’en suit qu’un plus grand nombre de techniques, plus complexes et plus variées, sont 
nécessaires en zone aride pour |’établissement des cartes hydrogéologiques car celles-ci 
supposent que bien souvent les problémes posés ont été résolus. I] s’agit non seulement 
_ des zones d’alimentation, mais aussi presque toujours des terrains de transit, des points 
de fuite, des relais et seuils hydrauliques souterrains, etc. 

Car c’est dans cette zone aride qui intéresse prés des 2/3 des terres Emergées que 
la carte hydrogéologique constitue un important document en yue d’un quelconque 
développement économique et quelquefois méme d’une simple survie. 

Comme il existe d’autre part des degrés divers d’aridité en fonction de la clima- 
tologie et des facteurs géographiques locaux, il semble donc que toute étude détaillée 
des problémes hydrogéologiques de ces régions reste liée 4 une tache préliminaire, 
celle de la connaissance de leur degré d’aridité. 

C’est en fonction du degré d’aridité que devront étre étudiés en effet les problémes 
particuliers de l’infiltration des eaux, de l’évaporation et des circulations en régime 
non laminaire dans les alluvions grossiéres ou les terrains karstiques. 

A titre d’exemple l’auteur présente, dans le cadre de cette communication, les 
cartes des zones arides de Turquie (1/1.500.000) et du Mexique (1/3.500.000) qu’ila 
établies selon la formule Emberger, laquelle apparait comme la plus adéquate en tant 
que base d’une étude hydrogéologique. 


SUMMARY 


It is well known that the study of groundwater cannot be the same for humid, 
temperate regions than for semiarid or real desertic zones. ’ 

On the contrary, in humid regions the arid zones possess by themselves a certain 
number of geographic characteristics which are not specially favourable for rain 
water infiltration and storage. As a consequence, an increasing number of more 
complex and variable techniques must be required in arid zones for the elaboration 
of hydrogeologic maps which often implies a previous solution of the existent pro- 
blems. It deals not only with intake areas but nearly always also with terrains of 
transit, leakage points, relays and underground thresholds. ’ 

Since two thirds of the emerged land lay on the arid zone a hydrogeologic map 
constitutes an important document for any economic development or even the mere 
problem of survival. me ‘ : 

On the other hand, there are different degrees of aridity according to climatology 
and local geographic factors and it seems that any detailed study of geohydrological 
problems in these regions remains tied to a preliminary task, that of the knowledge 


of their degree of aridity. 
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It is according to the degree of aridity that particular problems of rainwater 
infiltration, evaporation, circulation within non laminar regimes in rough alluvions 
or karsts must be studied. ; 

Within the frame of this communication, the author presents as an example the 
maps of arid zones in Turkey (1/1.500.000 ) and in Mexico (1/3.500.000) elaborated ~ 
in accordance to Emberger’s formule, which seems to be the most adequate base for 
a geohydrological study. 


1. INTRODUCTION 


L’étude des eaux souterraines en général, notamment en yue d’établir le volume 
des ressources disponibles pour divers besoins agricoles, domestiques ou industriels, 
n’est pas exclusivement entreprise dans les régions désertiques ou présentant certaines 
caractéristiques d’aridité. 

Il n’y a pas de doute cependant qu’en zone aride le probleme des eaux souterraines 
est a la fois le plus aigu et le plus ardu a résoudre puisque faute d’eaux superficielles, 
toute vie reste liée a la présence de nappes aquiferes exploitables. 

Quant aux cartes hydrogéologiques, dont l’importance et l’utilité est directement 
fonction de Il’aridité de la région, il parait indispensable de les établir en premier 
lieu dans les zones réputées les plus séches ot elles conditionneront toute forme de 
mise en valeur. 

Comme il existe d’autre part des degrés divers d’aridité en fonction de la clima- 
tologie locale, elle-méme dépendante de divers facteurs géographiques et météorolo- 
giques bien connus, il semble done que toute étude détaillée des problémes hydro- 
géologiques d’une région reste liée 4 une tache préliminaire, celle de la connaissance 
de son degré d’aridité. Car il apparaitra en effet que les modalités d’étude des eaux 
souterraines ne sont pas les mémes selon qu l’on se propose d’étudier une région 
tempérée ou humide et une région aride ou franchement désertique. 


2. CONDITIONS D’ETUDE DES EAUX SOUTERRAINES EN ZONE ARIDE 


Par opposition aux régions de climat tempéré ou humide, les zones arides possé- 
dent par elles-mémes un certain nombre de caractéristiques géographiques qui 
apparemment ne sont pas spécialement favorables 4 l’infiltration des eaux de pluie 
et leur emmagasinage souterrain. 

L’érosion notamment, apparait traditionnellement comme néfaste car elle 
empéche tout dépét alluvial sur les flancs de vallées. De plus elle dissocie la terre végé- 
tale par lavage sous l’action du ruissellement et la rend inapte a Vinfiltration des 
eaux dans les fonds de vallées ot se concentrent les limons fins. D’autre part, dans les 
zones cultivées le pouvoir évaporant de l’air, généralement trés élevé, empéche bien 
souvent le retour a la nappe des eaux d’ irrigation, et ailleurs réduit considérablement 
Valimentation directe de ces nappes. 

La conjonction de phénoménes d’érosion et d’évaporation complique donc 
notablement les problémes posés par |’étude des eaux souterraines, précisément dans 
les régions ot les besoins en eau sont plus importants tandis que les ressources plus 
limitées. 

Il s’en suit qu’un plus grand nombre de techniques, plus complexes et plus variées 
sont nécessaires en zone aride pour I’établissement des cartes hydrogéologiques car 
celles-ci supposent que bien souvent ces problémes ont été résolus, notamment en ce 
qui concerne les zones d’alimentation, les terrains de transit, les points de fuite, etc... 

C’est ainsi par exemple, qu’en zone aride Vhydrologue doit presque toujours 
céder le pas au géologue et au géophysicien, lesquels, travaillant de concert, détermi- 
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neront les conditions structurales et stratigraphiques du «bed rock» et son degré de 
porosité. 

Ge «bed rock», a défaut de toute couverture alluviale, constitue presque toujours 
un terrain d’infiltration et de transit des eaux vers des points bas et il est bien rare, 
dans ce cas, que s’appliquent les principes connus d’hydraulique laminaire. D’autre 
part, l’existence de nombreux «relais» et seuils hydrauliques enterrés favorise, en 
zone aride, l’alimentation souterraine des couches alluviales car il est prouvé que 
Palimentation directe des alluvions de plaines est presque toujours un mythe, princi- 
palement pour les raisons indiquées plus haut. 

D’ot Vapparition de nappes souvent trés abondantes a caractére thermal, 
possédant fréquemment une charge importante et apparemment sans corrélation avec 
le module pluviométrique et les conditions d’infiltration locales. 

Car il a été prouvé maintes fois qu’en zone aride l’abondance et l’existence méme 
de nappes souterraines sont davantage liées aux dispositions lithologiques et structu- 
tales locales qu’au volume et a la régularité des pluies. Les exemples abondent de 
régions semi-arides ou méme tempérées ot des conditions géologiques défavorables 
limitent l’infiltration, et au contraire, de zones arides et désertiques ot une structure 
et une perméabilité favorables autorisent un trés fort coefficient d’infiltration. 

On cite entre autres exemples l’opposition existant au Maroc entre la région du 
Rif pluvieuse, imperméable et privée d’eaux souterraines et celle des Hauts Plateaux 
Orientaux ou de la vallée du Souss. 

Le probléme des grandes zones d’infiltrations (affleurements étendus de calcaires 
karstiques, de formations éruptives fissurées ou de grés, immenses cénes de déjections, 
anciens lits fluviaux, etc...) et celui des «relais» et seuils hydrauliques, conduisent a 
l’étude des circulations souterraines 4 grande distance et du transit d’une formation 
4 l’autre, exactement comme dans |’étude des migrations d’hydrocarbures. Les études 
géochimiques des eaux et |’établissement de diagrammes de comparaison des analyses 
chimiques apportent d’autre part un précieux appoint a Ja connaissance des écoule- 
ments souterrains. En zone aride bien plus qu’en zone humide le chimiste est main- 
tenant considéré comme le collaborateur immédiat du géologue et non plus seulement 
de I’hygiéniste ou de l’agronome. 

Il apparait ainsi que les conditions d’étude des eaux souterraines en zone aride 
rendent plus complexe et plus délicat 1’établissement de cartes hydrogéologiques, 
justement dans les régions ow elles constituent un important document en vue d’un 
quelconque développement économique, sinon d’une simple survie. Le cas du Nord-Est 
du Brésil, le célébre « Polygone de la Sécheresse» est typique a cet égard. 

Bien souvent, l’ingénieur hydraulicien ou I’hydrologue peuvent effectuer seuls 
en zone humide une étude hydrologique surla foi d’un document géologique de base 
acceptable. Par contre, le géologue, le géophysicien et fe chimiste sans compter le 
climatologue, parviendront difficilement 4 connaitre dans certains cas les processus 
d’infiltration et de circulation des eaux en zone aride. 

Pour peu que les manifestations superficielles des nappes soient pratiquement 
inexistantes, 14 ou n’ont encore été effectuées aucune recherche telle que puits ou 
forages, il sera souvent difficile de compléter la carte géologique de base par des 
informations d’ordre hydrogéologique précisément destinées a orienter ces premiers 


travaux. 


3. CALCUL ET CARTOGRAPHIE DES INDICES D’ARIDITE 
Les divers indices d’aridité que les géographes et botanistes ont calculé permettent 


en général de déterminer assez exactement les limites des zones arides et semi-arides 
d’un pays. Le plus ancien de ces indices demeure celui de De Martonne, remarquable 
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par sa simplicité, mais cependant peu apte a traduire exactement, en dehors du climat 
méditerranéen, les variations locales de cette aridité en fonction des variations de 


températures diurnes ou saisonniéres. 
T4210 
, sont simple- 


Rappelons que dans la formule de De Martonne Q = 


ment mentionées la température moyenne annuelle «T» et la moyenne pluviomé- 
trique annuelle «P». 

Les formules de Thornthwaite et de K6ppen, plus complexes, donnent une idée 
plus exacte de cette aridité en permettant une cartographie plus précise, principalement 
si l’on tient compte de la topographie de la région considérée. Mais ces formules 
possédent alors l’inconvénient de ne pouvoir étre représentées graphiquement que 
par de trés nombreux figurés, ce qui rend difficile la lecture de cartes a petite échelle. 

Les deux cartes présentées a titre d’exemple ont été établies selon l’indice d’aridité 
d’Emberger, dont de nombreuses publications de !UNESCO ont déja démontré 
quelques applications dans le bassin Méditerranéen et en Afrique. 


3.1. L’indice d’aridité Emberger(*) 


Précisons tout d’abord que cet indice, calculé par un botaniste était avant tout, 
a Vorigine, destiné a faciliter étude de l’écologie végétale méditerranéenne en défi- 
nissant le degré d’aridité de ce climat. 

Pluviosité, température et évaporation tels sont les trois facteurs de base dont les 
diverses combinaisons de valeur définissent l’aridité. 

— La pluviosité doit étre tout simplement désignée, selon l’usage, par la moyenne 
pluviométrique annuelle, bien que celle-ci ne traduise pas le degré d’intensité ou 
dirrégularité d’une pluie annuelle moyenne. 

— La température par contre, ne doit pas étre reportée sous forme de moyenne 
annuelle, ce qui élimine l’influence prépondérante des extrémes. II convient d’utiliser 
M+m 

2 
moyenne des maxima du mois le plus chaud et «m» la moyenne des minima du 
mois le plus froid. 

Ceci permet au contraire de définir la s¢cheresse comme fonction du rapport 
entre la pluviosité et la moyenne des températures extrémes. 

— L’évaporation, en \’absence de toute mesure directe 4 chacune des stations 
climatologiques, peut étre exprimée par l’écart des températures extrémes, ou ampli- 
tude extréme, selon la formule M m. On admet que l’évaporation est en général 
d’autant plus forte que l’expression M ma une valeur plus grande. 

Cependant, dans l’expression totale de l’aridité, on devra tenir compte d’un 
facteur limitant qui est «m», moyenne des minima du mois le plus froid. En consé- 
quence, Mr. Emberger exprime par la formule suivante la sécheresse du climat méditer- 
ranéen, c’est a dire son indice d’aridité : 

P. 
fg Peete: evi lta. 
(M + m) (M— m) 
2 


On multiplie par 100 et l’on divis? par 2 pour avoir des chiffres maniables, ce 
qui donne : 


la formule moyenne des températures extrémes, ot «M» représente la 


ry P x 100 
(M + m) (M — m) 
(1) Extrait de «Répartition des Zones Arides et Semi-Arides au Mexique selon 


vy epee ces Note Technique de 1’ «Instituto de Ciencia Aplicada», Mexico, 
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Ce quotient, qui est d’autant plus élevé que le climat considéré est plus humide 
_ he tient cependant pas compte du facteur limitant «m».C’est pourquoi |’auteur de 
cette formule d’aridité combine en général «m» avec «Q» en utilisant un systéme 
d’axes de coordonées ot le quotient «Q» est porté en ordonnée et «m» en abcisse. 
On obtient ainsi un graphique sur lequel toutes les stations d’observations sont 
reportées en fonction de leur indice d’aridité «Q» et de la valeur de «m» corres- 
pondante. 
Ces stations se trouvent ainsi groupées selon leurs affinités climatiques et écolo- 
giques. On trace ensuite sur ce graphique et selon les données de lauteur, une sépara- 
tion entre régions arides, semi-arides ou humides, partant du principe que la station 


considérée est d’autant plus aride, avec un quotient «Q» équivalent, que «m» est 
plus éloigné de 0°C. 


3.2. Les zones arides du Mexique 


Le territoire de la République Mexicaine posséde quant a la délimitation des 
zones arides et semi-arides qui couvrent plus de 50% de sa superficie, une position 
géographique privilégiée. 

Il existe en effet dans ce pays, non seulement les deux grandes catégories classi- 
ques de zone aride de type méditerranéen (Basse-Californie) ou de type tropical 
(Etat de Oaxaca), mais aussi tous les types intermédiaires. 

De plus, sur les Hauts Plateaux et dans les secteurs de Haute Montagne (Sierra 
Madre Orientale et Occidentale) existent une infinité de nuances entre l’un et I’autre 
type dues essentiellement a l’influence de l’altitude. 

Le graphique donnant la valeur de l’indice Emberger pour 160 stations d’obser- 
vations en fonction de la valeur correspondante de «m» a été établi, pour le Mexique, 
sur le méme type et selon les mémes divisions climatiques adoptées pour 1’Europe, 
le Moyen Orient, |’Afrique du Nord et I’Afrique tropicale. 

La carte des zones arides est ensuite établie en fonction de ces divisions climati- 
ques. 

Ces documents constituent en méme temps une tentative de corrélation des in- 
dices d’aridité caractéristiques du climat tropical et du climat méditerranéen (1) en 
les présentant sur un méme tableau et uneméme carte puisque le Mexique est l’une 
des rares régions possédant ces deux climats réunis sous une méme unité politique. 

On notera sur la carte ci-jointe que 3 régions arides ou semi-arides apparaissent 
trés nettement dans le pays. Ce sont du Nord-Ouest vers le Sud-Est : 

— La Basse Californie 

— Le Haut Plateau du Nord et du Centre 

— La Zone Sud et Sud-Est de Mexico. 

C’est d’ailleurs dans ces mémes régions que l’agriculture ne peut se développer 
que par l’irrigation a partir de barrages réservoirs ou de nappes aquiféres souter- 
raines. Bien entendu il est a peine nécessaire de souligner quelle est alors pour ces 
territoires l’intérét de l’étude des structures géologiques perméables (calcaires des 
Etats de Coahuila et Nuevo Leon) qui conditionnent directement une certaine abon- 
dance d’eaux souterraines. Il en est de méme pour la péninsule de Yucatan presque 
uniquement constituée d’affleurements de calcaires fissurés. Au contraire, dans le 
bassin de Oaxaca, au Sud de Mexico, l’absence de ces structures rend le probléme 
infiniment plus ardu a résoudre hors des fonds de vailées. 

Ailleurs, quelle que soit la structure, les grandes vallées alluviales a écoulements 
superficiel et souterrain continus facilitent grandement les études hydrogéologiques. 


(1) Tout au moins en ce qui concerne les écarts de température diurnes ou 
saisoniéres caractéristiques de ce type de climat. 
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3.3. Les zones arides de Turquie 


La carte des zones arides et semi-arides de Turquie, établie selon la méme formule, 
tient également compte de [’influence des zones montagneuses, ce qui permet, dans 
une certaine mesure de compenser l’inégale répartition des stations d’observation. 

Contrairement a la carte du Mexique, celle de Turquie a été établie en tragant les 
iimites d’aridité en fonction de la valeur ces indices Emberger calculés pour chaque 
station. 

Etant donné que le climat est essentiellement de type méditerranéen aride ou 
trés humide, il n’y a pas lieu de prévoir un certain nombre de corrections et considérer 
d’une facon générale la valeur de «m» comme facteur limitant. I] n’empéche qu’en 
de nombreuses régions, notamment vers les frontiéres orientales a Erzingan, les 
grands froids d’hiver contribuent 4 augmenter l’aridité en exagérant les phénoménes 
d’évaporation. On yoit ainsi se placer sous un indice Emberger compris entre 30 et 
50 des climats aussi différents que ceux d’Anatolie Centrale et de la région méditer- 
ranéene de l’Egée. Mais les écarts de température compensant dans une certaine mesure 
les variations de module pluviométrique et la notion d’aridité rend compte des mémes 
processus d’érosion et des mémes problémes hydrogéologiques qui peuvent alors se 
poser au géologue. 

Nous avons déja signalé dans une précédente publication comment on voit 
s’atténuer |’aridité au dessus de l’indice 40 en climat méditerranéen (Afrique du Nord 
— Liban — Gréce et Turquie) de méme gue s’atténuent 1’érosion violente du sol et 
la puissance destructrice des processus morphogénétiques. Par de multiples exem- 
ples on pourrait démontrer que sous l’effet d’un méme indice d’aridité et malgré un 
climat différent, une méme morphologie transforme et fait évoluer de facon identique 
un matériel lithologique de méme nature. Le cas de la Turquie est typique a cet 
égard. C’est ainsi qu’en Thrace dans le bassin d’Edirne, a la frontiére russe dans le 
bassin d’Erivan — ces deux bassins étant situés a plus de 1 500 km I’un de I|’autre 
et de climat nettement dissemblable — les problémes posés dans |’étude hydrogéolo- 
gique de ces régions sont rigoureusement identiques, et relevent davantage du géologue 
et du géophysicien que de l’hydrologue. 

Par ailleurs, on notera immédiatement, malgré l’inévitable imprécision de détail 
d’une pareille carte qu’il existe deux régions sub-désertiques, entourées d’une auréole 
aride ou semi-aride en Turquie, celle d’anatolie Centrale (Ankara-Konya) et celle 
d’Anatolie Orientale (Urfa-Dyarbakir). 

Le caractére semi-aride de l’arriére pays d’Izmir s’apparente étroitement a 
toutes les zones séches classiques du pourtour des cétes Nord de la Méditerranée, 
telles qu’on les rencontre en Gréce, en Italie, dans le Midi de la France et en Espagne. 
Il n’en a pas moins été pendant trés longtemps le «grenier» de Empire Romain 
grace a une trés judicieuse utilisation des eaux superficielles et souterraines. 


4. CONCLUSION 


La cartographie aussi précise que possible des régions arides ou semi-arides 
dun pays parait ainsi avoir une utilité, non seulement dans la simple étude des condi- 
tions climatiques de ce pays, mais aussi pour permettre d’intéressantes comparaisons 
des processus d’érosion et des modalités d’infiltration des eaux de ruissellement. 

De plus, comme les trois-quarts des zones arides du monde appartiennent a des 
pays insuffisamment développés il est important qu’une collaboration internationale 
a cet effet facilite les études isolées grace aux comparaisons possibles d’un continent 
a Vautre. Dans chacun de ces pays, ol manquent le plus souvent des observations 
précises concernant l’évaporation, la climatologie particuli¢re du lieu d’étude et méme 
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souvent le document géologique de base pourtant indispensable, une cartographie 
des divers degrés d’aridité, complétée par des observations écologiques, indique tou- 
jours le sens d’évolution du climat dans la zone considérée. 


Par ailleurs les problémes les plus graves a résoudre se trouvent circonscrite 
dans des régions bien précises, en partie délimitées par de telles cartes car ce ne sont 
jamais les zones trés humides ni les déserts absolus qui requiérent l’urgence d’uns 
prospection hydrogéologique. 
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HYDRO-GEOLOGICAL INVESTIGATIONS IN THE 
NETHERLANDS 


~ 


N.A. de RIDDER 
(Instituut voor Cultuurtechniek en Waterhuishouding, Wageningen, Netherlands) 


SUMMARY 


The principal aim of this paper is to demonstrate the increasing importance of the 
use of sedimentary characteristics in hydro-geological research projects in the Nether- 
lands. Emphasis is laid on the methods of study used. A brief review is given o_ the 
techniques for obtaining these quantitative data and for recording them in the form 
of maps and sections. 


RESUME 


Cet article traite quelques aspects des recherches hydro-géologiques telles qu’elles 
sont exécutées aux Pays-Bas par |’Instituut voor Cultuurtechniek en Waterhuishou- 
ding. Cette étude se rapporte en premier lieu 4 la nature géologique des couches pro- 
fondes du sol, par exemple l’étendue et l’épaisseur des couches aquiféres, leur age 
géologique, leurs variations granulométriques en sens horizontal et vertical et leurs 
déformations structurales. La seconde partie de l’étude comporte la détermination des 
propriétés physiques des sédiments : perméabilité, résistances au courant souterrain, 
niveau piezométrique, etc. Une troisiéme partie de l’étude consiste 4 rassembler des 
données sur la composition chimique des eaux souterraines dans différentes formations 
géologiques. Cet article expose les essais en plein champ, les méthodes d’étude des sédi- 
ments et de représentation des données sur ces sédiments dans les cartes et les profils. 

Les travaux en plein champ consistent dans des sondages profonds (50 m de 
profondeur au maximum) suivant la méthode de la sonde 4 clapet, ou un échantillon 
de sol pour l’étude géologique et sédimentométrique est prélevé tous les 2 métres. 
Presque tous les trous de sondage sont aménagés en puits d’observations en placant 
des filtres dans les couches aquiféres. Les filtres servent aussi au prélévement d’échan- 
tillons d’eau, dont on détermine la teneur en chlore ou méme |’analyse ionique com- 
pléte. La figure 1 donne l’exemple d’un puits équipé de 3 filtres 4 des profondeurs 
respectives de 20, 30 et 40 m dans la région du Delta, ot se trouve démontrée une 
pression artésienne. Lorsque le but principal est de placer des filtres, on applique le 
forage par pression d’eau, qui permet d’atteindre rapidement la profondeur vou- 
lue (fig. 2). Depuis peu, on préléve également des carottes, dont la perméabilité verti- 
cale et horizontale est examinée en laboratoire. Aprés ces mesures, la structure des 
sédiments est étudiée dans les coupes longitudinales des carottes. 

Parmi les différentes qualités granulaires, on étudie en particulier la composition 
granulometrique (fig. 3) et la composition en minéraux lourds (fig. 4). Parmi les pro- 
priétés de la masse, on détermine la perméabilité par des mesures dans des échantillons 
de sol non déformés, par des essais de pompage en plein champ et par calcul a l’aide 
des résultats des analyses granulométriques. 

____ Les données relatives aux propriétés géologiques et hydrologiques du profil sont 
incorporées dans des cartes et des coupes de profil. Si l’on dispose d’un nombre 
suffisant de données, il est trés bien possible de dresser des cartes 4 courbes, comme 
la fig. 5, qui représente une carte de la table d’eau dans le Nord de la province de 
Limburg. Les données sur |’épaisseur des couches aquiféres, l’assortiment granulomé- 
trique, la moyenne composition granulométrique, la perméabilité, la salinité de l'eau 
de fond etc. peuvent également étre représentées dans des cartes de courbes permet- 
ae ee des variations de ces propriétés et du sens dans lequel ces propriétés 

Enfin, il est possible de représenter certaines propriétés géologiques, lithologiques 

et hydrologiques en une coupe de profil. La figure 6 en constitue un exemple. 


1. INTRODUCTION 


During the dry summers of 1947, 1949 and 1959 the high importance of water 
conservation on the high sandy soils of the Netherlands became evident. In particular 
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in the eastern and southeastern a é 

desiccating and were sometimes “2h hci oe os Rt ae gies 

desiccation and to increase the agri am 2 ey Reali 
gricultural production in these areas, large water 

conservation and water management projects were initiated. 

On the other hand the flood disaster of 1953 focussed attention on the dangerous 
Position of the deep-lying polder districts in the southwestern part of the country. 
For this reason the Deltaplan was set up, which includes the damming of the estuaries. 
Behind the dams fresh water basins will be formed. This can be used to counter the 
seepage of salt water in these regions. Studies on subsurface hydrology, seepage, 
etc. are now in progress. 

The above mentioned research projects require a clear insight in the hydro-geolo- 
gical conditions of the investigated regions. In the first place, it is necessary to obtain 
information on the subsurface geology, such as the areal extent and thickness of the 
aquifers, their geologic age, their textural variations in a lateral and vertical sense 
and their structural deformations. The areal extent, depth and textural variations of 
the aquicludes should also be known. 

The second part of the research consists of the determination of the physical 
properties of the sediments, such as permeability, transmissibility, resistances to 
groundwaterflow, piezometric head of the pore-water. 

In the third place, the collection of data on the chemical composition of the 
groundwater from various formations forms an important part of the research. 

This paper deals mainly with the field procedures and the methods of study of 
sedimentary data and with the methods for recording these data in maps and sections. 


2. GEOLOGICAL REVIEW 


The greater part of the Netherlands belongs to the, continuous subsiding, North 
Sea basin. During the Tertiary this basin has been filled mainly with marine sediments, 
consisting of glauconite-bearing fine sands or heavy clays, reaching considerable 
depths (locally 1000 to 1500 m.). As a consequence of the subsidence, which was 
greatest in the northwestern part of the basin, most of the Tertiary abrasion surfaces 
pitch to the northwest. The anomolous pitch of the Miocene abrasion surface in south- 
eastern direction, as known in the SE part of the country, is due to transcurrent 
faulting (Lensen and De Ridder, 1960). The Tertiary deposits are generally considered 
as the impervious basement of the overlying Quaternary sediments, which are mainly 
laid down by the Rhine and the Meuse. These sediments consist of coarse, gravel- 
bearing sands, fine sands and clay beds of varying thickness (from a few meters to a 
few hundreds of meters). In general the thickness increases in northwesterly direction. 


3. FIELD PROCEDURE 


In studying groundwater problems, such as seepage, drainage, subirrigation and 
the like, the required data on the subsurface geology and hydrology are generally 
obtained by borings. The number, spacing and depth of these borings depend on the 
problem which is studied. For exploration purposes the cable-tool method is used. 
These borings are cased, to stabilize the bore hole, with steel pipes of 2m. length 
and an inner diameter of 5”. The maximum depth that can be reached is 50 m. 
Samples are taken of material dumped from the bailer. The sampling interval depends 
on the textural variation, but in general every 2 ma sample is taken, which is described 
directly in the field and afterwards with a binocular microscope in the laboratory. 

The borings are equipped as observation wells by installing two or three piezo- 
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meters at different depths. These piezometers consist of a filter of 1 m. length, the rest 
of the pipe consists of 1” pipes of polyvenylchloride (P.V.C.). To prevent damage, 
the upper 2 or 3 m. of the pipes are made of iron (gas pipes). 

The influence of the leakage is generally small when the work is done carefully. 
As soon as the filters are installed, the casing is withdrawn and the filters are pumped. 
Pumping is continued until clean water reaches the surface. A water sample is then 
taken for laboratory analyses, in order to gain information on the salinity distribution 
of the deep groundwater. The piezometers are then ready for periodical readings of 
the hydraulic head. Fig. 1 gives an example of an observation well with three piezo- 
meters at different depths in the Delta region (Isle of Schouwen) showing artesian 
pressure. 


Fig. 1 — Observation well on the isle of Schouwen (Delta region i i 
1 showin 
pressure. The filters in this well are installed at 20, 30 ae 40 m. Ailes Skis 
surface. The ground surface lies at approximately 2 m. below mean sea level 


Although the cable-tool method gives rather accurate information on the sequence 
thickness and identity of the subsurface Strata, it is time-consuming and thevetond 
expensive. When additional hydrological observation wells are needed it is better to 
make wash borings, which are less expensive. These borings are pdstiicod by jetting 
water into the casing. The water is pumped from a ditch or canal through a drill 
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rod or even a rubber tube. Material is removed from the hole by circulating water 
(fig. 2). In the Delta region wash borings are carried out with great success because 


of the presence of fine sands and the absence of i i 
nee gravel. In this region hol 
are made within a few hours. i iAnoyacrd 


Fig. 2 —Wash boring to a depth of 40 m. carried out just behind the sea dike.The 
observations from this well are used to study the transmission of the tidal wave 
in the artesian basin 


Hydro-geological studies as described here also include the determination of 
the in-situ permeability (transmissibility) of the aquifers at a number of places by 
means of special field pumping tests. 

In recent time a field sampling procedure was developed, that permits undisturbed 
sampling of fine and coarse sands and of clay below the water table (Wit, 1960). 
Although this is a project still in progress, reasonably accurate results on the vertical 
and horizontal permeability measurements have been obtained. As a further project 
of study, the minor structures of the sediments from the cores can be mentioned. 
These structures are of importance for the explanation of the observed differences in 
the vertical and horizontal permeability which are often found to be significant in 
various sediments. It is already evident that practically all structural properties in 
sediment cores can be made visible by making lacquer peels from dried core sections 
(Van Straaten, 1959). Van Straaten stressed that these minor structures may provide 
indispensable criteria for understanding the manner of formation of the sediments. 
Studies like these are now in progress and they form part of the hydro-geological in- 
vestigations carried out in relation with the Delta plan. 
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4. SEDIMENTARY ANALYSES . 


From a sedimentary point of view, six particle properties are of basic importance : 
1. size; 2. shape; 3. roundness; 4. surface texture; 5. mineral composition; 6. orien- 
tation (Krumbein, 1945), Among these properties only size and (heavy) mineral 
composition are studied for the investigations discussed in this paper. Although of 
great importance, shape and roundness are only studied incidentally. Apart from 
these particle properties, also mass properties of the sediments can be distinguished, 
These properties depend upon the aggregation of the particles and include porosity 
permeability, compactibility, thickness, structure, etc. 
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4.1. Particle properties 


4.1.1. Grain size 


Mechanical analyses are made of most of the samples obtained from the borings. 
The results are used to describe the characteristic size-frequency distributions of the 
sediments of each formation, to examine the horizontal and vertical variations in 
grain size of the formations, to examine the sorting features, to determine the envi- 
ronment of deposition and to gain an impression of the over-all permeability of the 
sandy sediments. 

From each sample the organic matter-, lime- and gravel content is determined, 
as well as the specific surface of the sand fraction. It is usual practice in present-day 
sedimentary studies to express properties of the size-frequency distribution, such 
as sorting, average, skewness, by means of a single number. The advantages of this 
single-number representation are many, some of which will be discussed below. 

Besides this single-number representation it is possible to plot graphically the 
results of all the mechanical analyses of a boring. An example of such a graph is shown 
in fig. 3. A representation in this manner gives a full picture of the grain size distri- 
bution of each layer, as well as of the variations in grain size in a vertical direction 
through the different formations. The depth, thickness and character of the water-bea- 
ring formations and of the aquicludes (clay beds) can be read at once. On the right side 
other characteristics, such as organic matter —, lime — and gravel content, specific 
surface (U-number) and permeability coefficient (kK in m/day) are plotted. 

From a sedimentary, as well as a hydrological, point of view it is important to 
know in what manner the mean grain size and the sorting of the sediments change 
in the investigated region. These properties may amongst others shed light on the 
environment of deposition and the direction and intensity of streamflow during the 
deposition. On the other hand it is known from earlier experimental work that the 
coefficient of permeability is affected by the grain size and sorting of the (unconsoli- 
dated) rock. In studying the areal variations in mean grain size and sorting, variations 
in mass properties, such as horizontal permeability, are better understood. Mean grain 
size and sorting are determined in the way as given in most sedimentary textbooks 
(Pettijohn, 1958). 


4.1.2. Heavy minerals 


Heavy mineral composition can give information on the source area of the 
sediment and on post-depositional changes. The use of heavy mineral analyses for 
stratigraphic purposes has appeared to be very useful, as is shown by Zonneveld 
(1947, 1958). This method of study requires some caution, however, since especially 
in fluvial deposits, leaching, granular variation and mixing with other or older sedi- 
ments may cause important variations in the heavy mineral associations. Studies on 
heavy minerals should therefore be carried out together with those on grain size, 
pollen, fossils, etc. 

It has become common practice in most hydro-geological research projects to 
make a number of heavy mineral analyses to recognize the sedimentary history of the 
region. An example of such analyses is given in fig. 4, showing a graphical representa- 
tion of the procentual variation in heavy mineral composition of each formation. 
Each formation is characterized by special associations of minerals. The Sterksel 
Formation, which is composed of Rhine sediments (saussurite is a guide mineral of 
the Rhine) can easily be distinguished from the Lower Pleistocene Kedichem Forma- 
tion and the Upper Pleistocene Veghel Formation, which were both deposited by the 
Meuse. The results of these analyses are used, together with other geological data, for 


subsurface correlation. 
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Fig. 4 — Heavy mineral composition and lithology in a bore hole from the province 
of Noord-Brabant 


4.2. Mass properties 


4.2.1. Permeability 


Among the mass properties already mentioned, permeability is studied most 
intensively as well in the field as in the laboratory. In most groundwater studies the 
determination of the transmissibility of a given sand stratum or aquifer is of basic 
importance. This can be done most accurately by pumping tests. Such tests consist of 
pumping a well at a particular rate of flow. The drawdown in the well and in adjacent 
piezometers is measured. These data, together with data on the thickness of the aquifer, 
the radius of the well and the distances to known points of drawdown make it possible 
to compute the transmissibility of the aquifer being tested. 

It is questionable if the results of a single pumping test are representative for the 
whole area under study. In regions accumulated by rivers, as in the Netherlands, 
this will certainly not be the case. Generally, the high costs prevent the determination 
of the transmissibility by means of special pumping tests at more than a few places. 
The present author therefore estimates the transmissibility from: 1) the results of 
mechanical analyses of samples obtained from bailer borings, 2) the results of labora- 
tory permeability tests on undisturbed samples. 
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From laboratory tests on remolded samples a relation was found by Ernst 
(unpublished report) between particle size and permeability. When the size-frequency 
distribution of a sample is known, the permeability coefficient can be computed. 
Corrections are made for the clay- and gravel content and the sorting of the sample. 
The thickness of the layer from which the sample is taken, is known from field obser- 
vations and thus from each layer the transmissibility can be computed by multiplying 
the thickness and the permeability. When the values of all sequential layers are added. 
together, the transmissibility of the entire aquifer can be found. 

The accuracy of this method may be questionable and it is noted that in com- 
paring the results obtained according to this method with those from pumping tests, 
variations of 200 per cent are sometimes found. The same was found by Mansur (1958), 
who pointed to the fact that the field permeabilities of given sand stratum sometimes 
exceeded the permeabilities in the laboratory two to four times. 

More accurate results can be obtained, however, with laboratory permeability 
tests on undisturbed samples. With the sampler now in use by the present author, 
samples can be taken of 30 cm length and a diameter of 6 cm. The vertical and hori- 
zontal permeabilities of the samples are tested while they remain in the sampler tube. 


5. REPRESENTATION OF DATA IN MAP AND SECTION FORM 


In modern hydrological and geological work most data are quantified. These data 
should be translated, however, into forms which can be used directly by workers 
interested in special problems. This can be done best in the form of maps and sections. 

When sufficient quantitative data on groundwater and sedimentary properties are 
available, they can be used to construct contour-type maps. These maps consist of 
lines connecting points of equal magnitude of a given variable, which may be thickness 
of layers, permeability, mean grain size, sorting, salinity of the groundwater, piezo- 
metric head, etc. Such contour-type maps show the areal variations of a given property 
and the directions in which the property changes. 

In most groundwater studies, for instance, it is necessary to know the direction 
and intensity of the groundwater flow. These can be derived from a hydrologic contour 
map. Such a map can be prepared from data on the depth of the groundwater table 
obtained from records of measurements in auger holes, and heights of the water table 
of open channels. Lines of equal piezometric head can then be drawn and from these 
the direction of groundwater flow, which is normal to these lines, can be derived. 
The gradient of the groundwater table is also shown by the map and when the trans- 
missibility is known, the intensity of the groundwater flow can be derived in accor- 
dance with Darcy’s law. 

Figure 5 gives an example of a hydrologic contour map, showing a region along 
the river Meuse in northern Limburg. The normal gradient in this region varies between 
1:500 and 1:1 000. Locally much steeper gradients occur, however, and at some places 
an abrupt fall in the groundwater table is even encountered. This last phenomenon is 
caused in this case by a sealed fault, which was active during the Tertiary and the 
Early Pleistocene, as could be demonstrated by Ernst and De Ridder (1960). 

Among maps which are of use in hydro-geological studies, those on thickness 
and permeability of the aquifers must be mentioned. As shown above the product 
of these two data gives the horizontal transmissibility of the aquifer. The variation in 
thickness can be made visual by an isopach map. Such a map is very illustrative in 
block-faulted regions, as for instance in the southeastern part of the Netherlands. 
The thickness of the aquifer in the sunken blocks exceeds many times the one on the 
raised blocks, as was proved by De Ridder (1959). It was found that, for instance, 
in a given Graben the thickness of the aquifer increased in SE direction, while on the 
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adjacent blocks the thickness increased in NW direction as a consequence of the 
opposite pitching of the surface of the impervious basement. On other blocks the 
thickness can be almost equal. An isopach map of such regions can best be constructed 
in combination with a tectonic map, showing the location, strike and importance of the 
faults. 

Of great importance in groundwater studies are the informations on magnitude, 
and variations in transmissibility of the aquifers. When sufficient data are available, 
they can be used in preparing a permeability, or better transmissibility, map. This is 
a map also based on a combination of properties (product of thickness and permea- 
bility). Data on the transmissibility lend themselves well for the preparation of a 
contour map. When such a map is coloured, other properties such as thickness of 
layers, as well as the fault pattern of the region can be drawn into the same map. In 
this way a hydro-geological map can be constructed. A map like this has been prepared 
by the present author for the southeastern part of the Netherlands and will soon be 
published. 

Of course it is not possible to draw all sedimentary and hydrological properties 
into one map. It may be necessary in some cases to prepare a series of individual 
maps, for example on mean particle size, sorting, mineral composition, salinity of 
the groundwater and others. In comparing these maps dissimilarities in a given 
attribute can be better understood and attention will be focussed on particular areas. 
A transmissibility map for example will be more clear when individual maps on thick- 
ness of layers (isopach map), mean particle size (isomegathy map) and on sorting are 
available. When transmissibility maps are present, dissimilarities in salinity of the 
groundwater can be sometimes explained. 

Besides the usual geologic sections, showing the sequence and thickness of the 
geological formations, it has its uses to construct, what is called by the present author, 
hydro-lithologic sections. A hydro-lithologic section not only shows the stratigraphic 
boundaries, but special attention is given to the lithology of the formations. The 
lithologic units of each formation are analysed and the mean grain size and silt- + 
clay content is plotted with classic symbols on the section. Mass properties, such as 
permeability or transmissibility and salinity of the groundwater are also plotted in 
these sections. The transmissibility of each formation is given in figures next to each 
bore hole. The permeability of each lithologic unit can be indicated by means of diffe- 
rent colours. Under each bore hole the chemical composition of the groundwater 
can be given in figures or in diagrams (fig. 6). 
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het Peelgebied en de naaste omgeving. 


THE AGRO-HYDROLOGICAL SURVEY OF THE 
NETHERLANDS 


' W.C. VISSER 
‘nstituut voor Cultuurtechniek en Waterhuishouding, Wageningen, Netherlands) 


SUMMARY 


For the conditions of climate and groundwater depth, as are prevailing i 

Gea a pion im peserips ae are yerplagy of tycohectnesti aa miele 
seems adaptable to other climates, provided th i i 
and the groundwater level not too deep. bie gael a3 a5 sion 

With the simple means of collecting data on water table depth, salt content of 
open water and of the existing practical experience of the farmers with respect to 
drainage or drought problems, a deep insight in the agro-hydrology of large areas 
may be obtained. The resulting map; may assist general planning of hydrological 
improvements and may serve as a basis for the execution of local projects. 

It was possible to collect a vast amount of material by organizing a voluntary 
co-operation with state and provincial agencies, catchment boards and individual 
farmers. It is of utmost importance that the central experts not only use their time in 
organizing the work, classing the data and constructing the maps, but also to study 
the data in their mutual relationships. 

The work resulted in a number of maps for the whole of the country and many 
frequency distributions of the collected data as water table depth, salinity, drainage 

or desiccation problems, yield depressions, grass-land-arable land ratios and so on. 
The detailed study of the results revealed, that comparison of drainage—or drought 
evaluations with water table depths may yield results of the same type as a vast field 
‘experiment. Comparisons of water table depths with rainfall and calculated evapo- 
‘ration gives an insight in the water-balance as otherwise only a much more intensive 
study might have given. 

By combining a survey with closer study of the data, it is possible to simplify 

‘the type of the observations needed, to give them the right place in the land improve- 
ment project and arrive at a better approximation of the economic optimum of impro- 
-vement measures. 


RESUME 


| Un systéme de description agro-hydrologique du pays a été mis au point pour 
‘les conditions climatiques et les profondeurs de la nappe souterraine existant aux 
Pays-Bas. Ce systéme semble pouvoir convenir 4 d’autres climats, pourvu que le pays 
‘soit suffisamment uni et que la nappe souterraine ne soit pas trop profonde. 

Des moyens simples comme le rassemblement de données sur la profondeur de 
la nappe souterraine, le degré de salinité de l’eau de surface et V’expérience pratique 
.existante des paysans en ce qui concerne les problémes de drainage ou de sécheresse, 
‘permettent d’obtenir une connaissance profonde de l’agro-hydrologie de régions 
.étendues. Les cartes qui en résultent peuvent aider a établir des projets d’amélioration 
lhydrologique et servir de base a l’exécution de projets locaux. 

Il a été possible de rassembler de trés nombreuses données en organisant une 
collaboration volontaire avec des services nationaux et provinciaux, les comités de 
direction des polders et avec des fermiers individuels. II est de la plus haute importance 
que les experts remplissant une fonction centrale ne s’occupent pas uniquement de 
organisation des travaux, du classement des données et du dressage des cartes, 
‘mais aussi étudient les rapports existant entre les différentes données. 

Les travaux ont donné un certain nombre de cartes pour le pays entier et de nom- 
‘breuses distributions de fréquence des données rassemblées, telles que la profondeur 
de la nappe souterraine, la saliniteé, les problémes de drainage ou de dess®chement, 
les récoltes insuffisantes, les rapports herbage/champs cultivés, etc. L’étude détaillée des 
résultats a révélé que la comparaison entre les évaluations de drainage ou de sécheresse 
-et les profondeurs de la nappe souterraine peut fournir des résultats analogues a ceux 
-d’un vaste essai en plein champ. En comparant les profondeurs de la nappe souter- 
‘raine aux données sur les précipitations et l’évaporation calculée, on peut obtenir 
.de V’hydrologie d’une région une connaissance qu’autrement, seule une étude bien 


plus approfondie aurait pu fournir. 
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En combinant l’apercu et une étude plus approfondie des données, il est possible 
de simplifier le type d’observations nécessaires, de leur assigner leur place correcte 
dans le projet de mise en valeur des terres et de parvenir a une meilleure estimation 
de l’optimum économique des mesures de mise en wales 


1. INTRODUCTION 


An investigation into the depth of the watertable and the effect thereof on the 
productivity of the soil was executed over nearly the entire area of the Netherlands. 
A number of 25.000 observation wells were installed, the existing experience with 
respect to drought resistance of the land was collected, and the observations concerning 
the reaction of the crop on groundwater depth from the total experimental material 
present in the Netherlands was condensed to a general scheme. A soil map and a 
map of salinity of open water were made, data on cropping systems and on produc- 
tivity of the land were brought together. From this vast material an agro-hydrological 
description for the whole country and calculations on the loss of crop yield through 
excess of water or drought were made and published in 12 volumes (*). 


2. THE MOTIVE 


The Netherlands came out of the ravages of the war with a rather damaged production 
apparatus. Over the whole country, the population experienced a strong urge to 
reconstruct and improve wherever this was possible. Everybody was ready to go to 
great exertion, everything should become better than it had been before. The agriculture 
was possibly least damaged and in the first years after the war a large part of the 
export was formed by agricultural products. When in 1947 agriculture was hit harm- 
fully by the very dry summer, the economy of the Netherlands was hit at the point 
where it was at that time rather vulnerable. When in 1949 the drought repeated itself, 
it was a matter of course, that much thought was given to the possibility to manage 
the water in such a way, that the highest crop yield should be assured, whatever the 
weather might be. 

In 1949 a proposal was handed to the Central Organization for Applied 
Research—the «Landbouworganisatie T.N.O.»—to promote a nation-wide survey 
with respect to the water relations in the agricultural areas of the country. Due to the 
Marshall scheme, the necessary funds could be provided for and a highly trained 
staff became available due to the return of large numbers of experts leaving the 
Netherlands East Indies. 

When the investigations advanced, the background for the survey in the 
Netherlands changed gradually. The weather in the following years was distinctly 
wetter than normal. As a mean over the following 8 years the rain exceeded the 100 
year mean by 55 mm. The interest changed from application of water in dry periods 
to the age old aim of removing excess of water. The industry prospered, the rehabili- 
tation of the country came to its close and eased the situation on the import-export 
balance. The production of agriculture lost its preponderant position of the first 
years after the war. Wages went up and agricultural prices remained the same, so 
what was considered economical directly after the war no longer remained so. When 
in 1959 the report of the survey—the C.O.L.N.-report—was published, it was 
looked upon more as an inventory of water relations in the Netherlands than as a 
general plan for a future scheme of comprehensive water management practices. 


(*) De Landbouwwaterhuishouding van Nederland (General report and eleven 


provincial reports). Commissie Onderzoek Landb terhuishoudi 
TN Orbe Eaeeaioce, ouwwaterhuishouding Nederland 


ae 


Circumstances changed and so did the significance of the survey. But circum- 
stances may change back. We know of a period of 20 consecutive years with a mean 
rainfall of 150 mm. less than in the 8 years of the hydrological survey. Under such 
circumstances the significance of a water management scheme might differ strongly 
from the significance of such a scheme in a wet period. 

The future development of water control will depend on the economic framework 
of national, European and world agriculture. Within this framework a complete 
review of the frequency of rainfall deficits and of their impact on farming will have to 
be the basis of the decision on the application of economic methods of supplemental 
irrigation. 


3. THE AIM 


It was generally felt, that a description of the water relations should start with an 
' investigation into the loss of yield by excess or shortness of water. Under the climato- 
logical conditions of the Netherlands a deep rooted crop will give good yields on a 
good soil even in dry years. The productivity of crops with a shallow root system and 
of crops on shallow soils depends on the presence of a high water table. Because the 
larger part of the Netherlands soil has such a shallow water table that the crop may 
make good use of the water stored as free water, this meant a survey of the depth of the 
_water table. This survey resulted in a map for the water level in early spring and at 
harvesting time, for convenience called the maps for the water table in summer and 
in winter. But also the water storage above the water table was important. A soil 
map was needed to give an impression of this important aspect of the moisture 
relations. 

In order to deduce from these data the loss in yield, a first step was to derive a 
map, giving the farmers’ experience with relation to drought effects in his crops. 
At the same time, a vast survey on the productivity of the soils all over the country 
executed with more than 3.000 field experiments by one of the collaborating institutes, 
offered itself for use to check the judgment of the farmers and gave the opportunity 
to gauge these experiences in terms of weight of yields. At the same time good use could 
be made of results of previous experiments on the influence of soil type and ground- 

‘water depth. 

Parallel to this quantitative description of the water relations, a vast amount of 
information was collected on problems of hydrology, results of management by catch- 
ment boards, land use problems in relation to the water management and so on. 
In a country as the Netherlands much information is already available in print, and 
this needed not to be inserted in the report. A number of situations, however, harmful 
or advantageous to agricultural production and not already printed elsewhere, could 
be embodied in the description of the hydrological situation in the 12 volumes 


mentioned. 


4. THE ORGANIZATION 


The organization of an investigation as mentioned above, has to be able to cope 
with the special conditions that the larger part of the work requires activity only a 
few days a year. In this case 23.000 observation wells were read four times a year, and 
2.000 wells twice a month. Each research worker could spend only a limited amount 
of working hours on his group of wells. Here one had to rely on voluntary co-operation 
of others. The mapping of the drought sensitive fields could be done best by people 
with a broad local experience. Here co-operation of a voluntary nature was necessary 
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too. All kinds of further aid were necessary. A central policy committee was therefore 
set up, of which high officials of the Ministry of Agriculture and the Ministry of Public 
Works were member. A technical committee with members from the divisions of 
Agriculture, Horticulture and Land and Water Management of the Ministry of 
Agriculture, of the Ministries of Health and of Public Works, of the Agricultural 
University and of a number of experiment stations and research institutes as the 
Central Institute for Agricultural Research, the Experiment Station for Arable and 
Grass-land, the Institute for Soil Mapping, the Institute for Civil Water Supply, 
the Research Department of the Zuiderzee Works and the Royal Meteorological 
Service, was installed as a national group to promote the technical co-operation. 
In the 11 provinces of the country provincial committees were set up, with members 
of provincial branches of the Ministry of Agriculture and the Provincial Public Works, 
to support the execution of the work. In each province the work was co-ordinated 
by a graduate expert, attracted for the purpose of this work as representative of the 
national technical committee. 

Co-operation on a national level with the various institutes mentioned before, 
provided important data like a soil map of the Netherlands, productivity data of 
a set of 3.400 plots, results of previous experiments on groundwater depth, salinity 
measurements, meteorological data, altitude measurements of the upper edge of the 
observation wells and so on. 

This organization of co-operating agencies provided the investigators with every 
desired information available in the country. The habitual friendly and active co-ope- 
ration between ministries, departments and institutes in the Netherlands proved 
to be very valuable for the development of the project. 


5. THE OBSERVATIONS 


The aim was to make a map of the water table depth and a map showing the loss 
of yield due to the depth of the water table and the moisture retaining capacity of the 
soil. The water table was daily observed on 65 points of the first order. Here also rain 
and evaporation were measured. On 2.000 points of the second order the water table 
was read every fortnight. The points of the third order, 23.000 in total, with a density 
of one well on 100 hectare, were read four times a year. The wells consisted of 6 drain 
tiles, inner diameter 5 cm., put in the soil as a vertical tube, this being the easiest way 
to construct the wells. This construction was cheap and easily repairable. The possi- 
bility to find the place of a damaged or disappeared well quickly was important, OV, 
of the wells being out of order every three months. Test wells near built-up areas or 
near the entrance gate of fields proved to be very vulnerable. The observations were 
made by 2.000 voluntary observers. 

The drought sensitivity of the field was judged by personnel of the agricultural 
advisory service, with about 500 advisory assistants co-operating. The main difficulty 
was to get the observations expressed in the same scale. The provincial representatives 
were responsible for a uniform evaluation of the drought sensitivity. In many discus- 
sions between the representatives and with the provincial assistants of the advisory 
service the homogeneity of the observations was perused. A reference scale was 
obtained by evaluating the 3.400 productivity plots mentioned before. This provided 
a means of correction of the provincial level of the drought sensitivity evaluation. 

A great many further data proved to be necessary. The soil map of the entire 
country was finished in this period and provided a division of the soil in 250 different 
profiles, a number too large to use in this study. The profiles were therefore condensed 
to 7 more or less uniform agro-hydrological groups. They range from light soils 
with great sensitivity for deviations from the required shallow water depth to heavy 
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| soils requiring deep drainage and with small sensitivity. A map giving the permanent 
grass- and arable land was made from ordnance-maps and field observations. The 
cropping system could be taken from data of the Bureau of Statistics. The determi- 
nation of the salt content twice a year provided extremely valuable data for that 
part of the country where horticulture needs fresh water so badly. 

The experience has shown, that the provincial representatives needed nearly 
all their time to control and repair observation wells and correlate the data on drought 
sensitivity. During the three years of observation hardly any time was available for 
study of the results. This study had to come afterwards and it was proved again that 
one may count upon as much time necessary for study as for the collecting of data. 
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Depth of groundwater level in cm. measured in well 30 H.S1 in old marine clay 
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1 — The lowering of the water table in spring increases in a very si 

in successive years. The variation is situated in the beginning of the autumn rains. 
Winter- and summer level together may describe the variation of the water table 
for agricultural problems with sufficient accuracy 
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6, THE RESULTS 


The construction of a map of the water table depth was made easier to a great 
extent when it was proved, that over the whole country the time-depth curves for the 
successive years did have approximately the same shapes, see fig. 1. If the ground- 
water depth is known in the winter period and for harvesting time, the depth at 
moments inbetween can fairly accurately be predicted. 

The winter- and summer water depth maps were constructed therefore and 
care was especially taken to make the maps comparable for the whole of the country. 
Afterwards a number of observations were collected at various places and compared 
with the description on the map. An error of 25 to 30cm. was found, presumably 
as a consequence of the variation in altitude of the soil surface over short distances. 
The use of aerial photographs have aided considerably in obtaining this good result, 
because slight differences in colour could be used as delimitation of dry and wet parts 
of the land. 


TABEL I 
SUMMER LEVELS 
Depth in cm. below soil surface 
Province 
0-20 | 20-40 | 40-70 | 70-100 | 100-140 | 140-200 | ~ 200 

Groningen -- 0 7 pe ee ees te: 25 5 
Friesland _ 3 25 1879 peo 22 3 
Drente Ss, 92 21 20 Ze 22 13 
Overijssel — 1 12 24 34 25 4 
Gelderland 0 0 al 13 25 37 14 
Utrecht = 2, 28 27 21 15 ii 
Noordholland - 1 21 30 30 15 3 
Zuidholland = 1 23 26 24 24 p) 
Zeeland 0 1 3 11 31 44 8 
Noord-Brabant - 0 4 14 28 34 20 
Limburg 0 1 3 7 15 25 47 
The Netherlands 0 1 14 19 28 DF 11 


The measurements of the water table add up to the picture—given in Table 1 
for the eleven provinces—that the main water depth, taking into account the large 
percentages in the groups 100-140 and 140-200 cm., is about 140 cm. below soil surface, 
a depth which is on sandy soils too great for maximum agricultural production. 

The calculation of the loss in yield proved to be far more difficult. The water 
depth had to be translated into loss in yield with isocarp diagrams, specially construc- 
ted for the occasion, which showed the relation between the yield decrease and the 
winter- and summer water table as independent variables, see fig. 2. 
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Fig. 2 — The relation between the decrease in yield and the spring- and summer 
} ‘aces level is given by the isocarp diagrams, which vary according to crop and 
profile 


This result was compared with the results calculated from the drought sensitivity 
-evaluations and the known yield of the productivity plots. Here also a fair amount 
.of checking, correcting and fitting of curves was necessary to allow for local variations 
‘in cropping system, evaluation of drought and so on. It was proved that the judging 
_of drought sensitivity in first class agricultural areas was far more severe than in areas, 
'where people were accustomed to excess or lack of water. The comparison of the 
two approximations showed that an error of 10% for the mean value of loss in yield 
for areas of some 25.000 ha has to be expected, see fig. 3. 

If the loss in yield was split up into areas with less than 10% decrease and more 
than 10%, either through excess or lack of water, a triangular diagram did prove 
that there is a distinct relation between these three groups. In fig. 4 the observations 
are given for a very dry, deeply drained province. 

If these data from the triangular diagrams, for the whole country, are combined 
for different profiles, a clear indication is obtained on the limit of productivity, as far 
s it is influenced by the depth of the water table, to be reached by the present methods 
f land drainage. The optimum yield—often more than 10% below the level that is 
hysiologically possible—depends on the variation in altitude of the land and the 
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Fig. 3 — The area with a decrease in yield of 10% or more, specified with respect 
to deficient drainage or drought, derived from the farmers experience and from 
groundwater depth, and isocarp diagrams compare rather well 
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Fig. 4 — Ina triangular diagram the observations of the water management situation 
of different areas—depicted with their area number—are situated on a certain 
locus. This means in this case that building up of the water table in adry region 
at once, will produce wet spots even if the main area is still too dry 


sensitivity of the profile to changes in the water table with respect to their productive 
capacity, see fig. 5. Peat, though in most cases a rather flat soil, is very sensitive to 
variations in water depth and shows a low optimum yield. The Limburg sand, through 
only of a medium sensitivity, is very uneven in topography and shows also a consi- 
derable loss in yield. These losses in yield may be decreased by changing over towards 


smaller drainage units than are customary at present. The provincial reports deal with 
these problems of more local importance. 
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TABLE II 


Areas in per cent of the provincial area included in the classes of yield depression, 


that were calculated as averages of the drought estimation and the groundwater 
level measurements 


Depression of more : Depression of more 

Province than 10% resulting Dep ee than 10% resulting 

from excess of water below 10% from lack of water 
Groningen 19 55 26 
Friesland 31 42 PH} 
Drente 19 29 52 
_ Overijssel 17 32 51 
Gelderland 14 3350 47 
Utrecht 27 35 38 
Noordholland 24 54 22 
Zuidholland 21 56 23 
Zeeland 8 45 47 
Noord-Brabant 13 40 47 
Limburg 13 9 78 
| The Netherlands 19 41 40 


All the data on depressions in the yield capacity depending on the excess of water 
as well as on the lack of water, have been brought together in Table 2. For each 
province the percentage of area in the wet, good and dry classes are given. Friesland 
—the main grass-land area—is wettest and Limburg on the transition to the Belgian 
‘Ardennes and the German Eiffel is dryest. As can be seen, a greater part of the Nether- 
lands is subjected to drought than has excess of water. The drainage depth, required 
Tor the lower parts of an area, has had the consequence that the higher parts have a 
water table which is too deep. The problem of supplemental irrigation in the higher 
{ands has arisen as a consequence of the drainage work in the lower land of the areas, 
as can be testified by fig. 5. 


Y. FURTHER DEVELOPMENTS 


The extensive material of data on water table depth, yield capacity, farming 
system, soil profile, drought sensitivity and so on, is a storehouse of problems, which 
are waiting to be solved by anyone who feels inclined to study this material in greater 
detail. 

In fig 6, taken from the report of Zuidholland, is shown how the percentage of 
ermanent grass is affected by the groundwater depth in summer and winter. This 
tind of probability diagrams was made for many combinations of variables and gave 
, deeper insight in the way in which practical agriculture reacts on favourable or 
infavourable circumstances, as water depth in winter and summer, soil profile, ete. 
This may be developed into a hydrological land use classification with quantitative 
riteria for its mean values as well as for the often very important indices of its 


‘ariations. 
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100°%o well drained | - 


100 %o wet 100 %o drought sensitive 
1 Limburg sands 6 Zeeland arable clays 
2 Drenthe peats 7 Northern grassland clays 


3 Friesland sands 8 Zuid-Holland arable clays 
4 Other sands 9 Northern arable clays 
5 Holland peats 


Fig. 5 — The locus for each landscape (see fig. 4) is different. Undulating terrain 
—area 1—never gives a high percentage of well drained land. With sensitive 
profiles—the peat area, n°. 2—the same is the case. Good clay soils have little 
sensitivity with respect to the water table depth. The areas 8 and 9 have therefore 

the highest productivity. The numbers refer to the following landscapes: 


1. Limburg sands 6. Zeeland arable clays 

2. Drente peats 7. Northern grass-land clays 
3. Friesland sands 8. Zuidholland arable clays 
4. Other sands 9. Northern arable clays 

5. Holland peats 


PROBABILITY DISTRIBUTION OF THE MEAN WINTER- 
AND SUMMER GROUNDWATER LEVELS FOR VARIOUS 
RATIOS OF GRASSLAND - ARABLE LAND 


Area in %/o 
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Fig. 6 — The frequency distribution of the ratio grass-land to arable land: 1 = 0-159 
grass, 2 = 20-35%, 3 = 40-60%, 4 = 65-80%, 5 = 80-100%, is plotted Nee 
the water table depth. The graph shows how the water depth influences the land 
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[Fig. 7 — The evaluations of the farmer with respect to drainage of drought problems 
are plotted against the groundwater depth. The graph indicates how for four 
profile types the evaluation changes with the water depth and shows, where 
optimum conditions for spring and summer are found 


An other possibility is to use information of the type of the drought sensitivity 

valuations as a means of studying drainage requirements. An example of this is 
given in fig. 7, the data taken from the Groningen survey, where for four clay profiles 
the drought evaluation is plotted against the water depth in winter and summer. 
(Though these problems are statistically rather difficult, they may replace experiment 
fields on depth of drainage and will have the advantage that they cover the whole 
width of practical situations. 
Important to the hydrologist will be that water table measurements and data on 
rainfall and the evaporation of open water are able to give a deep insight into the 
streamflow and retention properties of the profile and on the influence of these on 
the crop. Rainfall, evaporation and drainage determine the depth of the water table. 
‘A study of the water table depth may therefore, reasoning in the opposite direction, 
eveal the evaporation and the drainage. The reconstruction of the component parts 
of the water-balance is possible because the amount of rainfall is divided over run-off, 
storage and evaporation in accordance with the pressure head, the variation in the 
roundwater level and the calculated evaporation. What has to be done is to solve 
‘he unknown constants in the equation which relates the variables to each other. 
ventually, if one also desires to get an insight into the type of equation, one will 
ave to use a graphical procedure. (*) 


(*) W.C. VissER and G.W. BLOEMEN: The moisture flow technique for determi- 
ining the water-balance. Symposium Hannoversch-Miinden. 1959. Vol. 1,pp. 128-139. 
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A few results may show the type of problem, which may be solved when ground- 
water—and ditch-water levels are available over a sufficiently long period, for 
example over two to three years with weekly or fortnightly readings. 
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Fig. 8 — The water table depth correlated with rainfall excess, yields a discharge 
curve. By fitting a drainage formula, hydrological constants may be derived. 
Two cases of seepage are demonstrated, where extrapolation of the drainage 
curves to a pressure head of zero cm., gives the intensity of seepage 


In fig. 8 a diagram is shown where, for the nearly evaporation-free winter months, 
rainfall is plotted against pressure-head after correcting for storage variations as they 
appear in water table fluctuations and correcting for the small influence of evaporation. 
Two fields are situated near the sea in a deep polder while seepage into the polder takes 
place. The graph shows how a drainage discharge curve can be found and how from 
the pressure head at a zero rainfall excess the seepage at the place of measurement 
may be concluded. Seepage is often a difficult problem but with water depth data 
it can be solved in a simple way. 

In fig. 9 it is shown how the values for storage capacity—found by plotting, for 
the same mean pressure head, the increase or decrease of the water table depth against 
the excess of rainfall over evaporation—are plotted against the depth of the water 
table and the amount of water penetrating into the soil or rising to the surface by 
means of capillary activity. Determination of the water table depth gives a very 
complete picture of the moisture retention under certain circumstances. 

Fig. 10 shows how the real evaporation is a function of the calculated evaporating 
capacity of the atmosphere Eo and the rainfall. In the upper figure the curve is drawn 
for an excess of precipitation of 5 mm. per ten days. This real evaporation can be 
calculated if run-off and storage are known, real evaporation remaining the only 
term in the equation of the water-balance which is unknown. The value can be calcu- 
lated. With this calculated evaporation and with values for rainfall and groundwater 
depth, the curves may be constructed by fitting the data mentioned in such a way, 
that a more precise relation between the evaporating capacity Eo and the real evapo- 
ration is obtained. Corrected data for the calculated real evaporation may be taken 
from the graph. This corrected quantity for the real evaporation has therefore not the 
character of a residual entry as often is the case with the evaporation data, but 
approaches the accuracy of a direct solution. 

The water table determinations do not give a picture of a part of the hydrological 
situation alone and they must not be judged only on their direct and most obvious 
value. Where the water table is shallow or moderately deep—down to two meters—a 
lot of basic information on the hydrological properties and reactions of the profile 
and the location where these parameters are valid may be obtained from it. Where 
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Fig. 9 — The observations of the water table lead to an insight in the storage capacity. 


This storage capacity is a function of groundwater depth and excess of rain or 
evaporation. Results are given for a clay- and a sandy soil 
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Fig. 10 — The observations of the water table, compared with the calculated evapo- 
ration Eo, give an insight into the real evaporation which is influenced markedly 
by the rainfall. In the upper graph the curve for an excess of precipitation of 5mm. 
per 10-day period is drawn. Every observation well with not too deep water 
may give results which normally would require the use of a lysimeter 


the C.O.L.N. survey has provided the Netherlands’ hydrologist with 2.000 points 
from which these properties and processes may be evaluated and data of more than 
a 1.000 other points are available from other investigations, the basic material is 
available for a type of quantitative hydrological description of the country, which 
in any other way would be difficult to achieve. The work of the C.O.L.N. has urged 
the hydrologists in the Netherlands to a considerable activity. And one wonders, 
even in view of the changed circumstances regarding the significance of agriculture 
for the prosperity of the population as a whole, whether the technical expert of the 
near future might not find in the C.O.L.N. survey a means of transforming the 
Netherlands into an even more opulent agricultural area as practical experience 


already succeeded in establishing. 
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ZONES GEOGRAPHIQUES DES 
EAUX PHREATIQUES 
~ 


H. WIECKOWSKA (Pologne) 


Pologne, Université de Varsovie 


Cet article a pour but d’éclairer les deux contradictions suivantes dans nos pré- 
sentes connaissances des eaux phréatiques. 

Ces deux contradictions sont : 

1. Les chercheurs soviétiques constatent l’existence des zones géographiques 
latitudinales de la profondeur jusqu’a la nappe et de la minéralisation des eaux souter- 
raines; cependant ils expliquent ces zones surtout par la géomorphologie. 

2. Selon la régle classique de l’hydrologie des eaux souterraines, celles-ci doivent 
s’écouler dans la direction de la pente du substratum. Cependant, depuis les études de 
Daubré dans les Landes de Gascogne et de Keilhack dans les moraines sous-alpines, 
on a constaté la convexité de la nappe phréatique sous les éminences. De méme les 
études détaillées effectuées depuis sept ans en Pologne a l’occasion du levé hydrogra- 
phique (49-11) constatent dans nos plaines la conformité générale de la nappe phré- 
atique avec la surface du terrain. 

Les contradictions formulées ci-dessus peuvent étre expliquées par l’application 
au bilan des eaux souterraines, de la notion de l’équilibre hydrodynamique de leur 
nappe libre. Cette notion est basée sur la loi du mouvement provoqué par la différence 
positive des pressions hydrostatistiques; cette loi constate que l’eau dans les pores 
de la roche mobile ne peut s’écouler autrement que dans la direction de la pente de 
sa nappe libre, sans suivre la pente du substratum, si celui-ci n’est pas en état de 
former une nappe phréatique conforme a ses pentes. Cette régle, formulée par Koehne 
est comprise dans la loi de Darcy de la vitesse du mouvement proportionelle a la 
pente de la nappe. 

Le bilan d’une nappe phréatique quelconque dépend de l’abondance de I’alimen- 
tation des eaux souterraines par les eaux atmosphériques. Tenant compte de |’abon- 
dance et de la nature de l’alimentation, ainsi que de l’hydrogéologie et de l’hydrologie 
on peut distinguer onze types d’équilibre de la nappe libre des eaux souterraines. 

Une alimentation modérée maintient la nappe phréatique en dépendance directe 
de la couche sous-jacente imperméable, dans un équilibre de sous-gisement. 

Une alimentation quelque-peu plus abondante allonge sur toute l’étendue du 
bassin la courbe de dépression, qui se produit toujours dans les lieux d’écoulement 
et donne un équilibre de drainage. 

Avec |’accroissement de l’infiltration des eaux de surface, la nappe phréatique 
s’éléve au-dessus de la courbe de dépression et devient conforme a la surface du terrain. 
C’est le type d’équilibre d’infiltration. 

Lorsque l’alimentation est encore plus abondante et lorsque la zone de l’eau 
capillaire accompagnant la nappe phréatique atteint les racines des plantes, la nappe 
passe a !’équilibre d’évapotranspiration régionale. 

Lorsq’une rivi¢re qui prend son origine dans la zone humide passe dans la zone 
aride, il se produit un équilibre d’irrigation par les eaux fluviales et la nappe phréatique 
prend la forme d’une courbe de dépression avec son sommet touchant la riviére. 

_ Dans les vallées des riviéres la courbe de dépression peut en général changer 
periodiquement de sens. Pendant les étiages et les hauteurs moyennes de l’eau dans le 
lit de la riviere, regne un €quilibre de drainage, qui change de direction pendant les 
crues et alimente les eaux souterraines de la vallée jusqu’a ce qui le lit fluvial ne se 
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memplsase complétement et que les eaux souterraines n’imbibent les alluvions de la 
vallée. C’est le cas de l’équilibre périodiquement réversible. 

Dans la zone des déserts, ot l’eau s’écoule par voie souterraine des montagnes 
vers le désert en conformité avec la pente de la courbe imperméable, qui forme le 
supste stun du bassin géologique, la nappe phréatique se trouve dans un équilibre 
d@ irrigation souterraine, qui est analogique a l’équilibre de sous-gisement. 

Dans les bassins versants des cuvettes assez plates qui ne possédent pas d’écoule- 
ment superficiel, lorsque la nappe phréatique est 4 une petite profondeur et lorsqu’elle 
est conforme a la surface du terrain, la convexité de la nappe sous le seuil de la cuvette 
interdit l’écoulement souterrain et le bilan hydrique de la cuvette doit se fermer par 
évaporation du marécage ou du lac situé dans celle-ci. Il y a alors un équilibre d’éva- 
poration localement accrue ou d’évaporation locale, si la cuvette a des pentes abruptes 
et si dans son centre la nappe phréatique est située 4 une profondeur qui élimine la 
possibilité d’évaporation directe de la surface. 

Les eaux phréatiques situées a de petites profondeurs, 4 nappe conforme 4 la sur- 
face du terrain, alimentent surtout l’évapotranspiration et les petits cours d’eaux 
occupant des vallées a versants peu inclinés. Si les eaux percolent vers un aquifére 
situé 4 une plus grande profondeur, qui alimente abondamment les riviéres dans les 
vallées plus profondes, nous avons alors un équilibre de percolation d’étagement. 
Un cas intéressant d’équilibre de ce genre fut constaté dans les étages trés différenciés 
des formations aquiféres, 4 nombreuses fissures étroites, du crétacé des plateaux de 
Lublin (25) et de Petite Pologne. 

Le dernier type d’équilibre des eaux phréatiques, c’est 1’équilibre de sous-gisement 
par le gel permanent. Lorsque le substratum est formé par le gel permanent, l’aquifeére 
change d’épaisseur en dépendance de la profondeur ot commence la couche gélée. 

On a distingué ainsi onze types d’équilibre hydrodynamique de la nappe phréa- 
tique depuis les types supérieurs, propres aux climats humides, jusqu’aux types infé- 
rieurs des climats arides. 

Les différents types d’équilibre hydrodynamique de la nappe phréatique se 
traduisent par I’hydrographie de surface. 

L’équilibre d’évapotranspiration se traduit par de vastes marécages, par une 
nappe phréatique située 4 des profondeurs infimes ou par un réseau fluvial de grande 
densité, les distances maxima entre les cours d’eau ne dépassent pas 1,5 a 2 km. 
La végétation dans les fonds des petites vallées séches est drue et les contrées aména- 
gées sont coupées par un dense systeme de fossés drainant. 

L’équilibre d’évaporation localement accrue se traduit par de petits marécages 
occupant toutes les cuvettes, méme peu accentuées dans le paysage. A l’équilibre 
d’évaporation locale répond la végétation opulente des dépressions du terrain dans 
les steppes et des déserts. 

La nappe phréatique restant dans un équilibre de filtration, conforme a la surface 
du terrain, a pour conséquence un manque de sources et de marécages; des sources a 
débit trés faible apparaissent seulement aux pied de quelques collines morainiques et 
des dunes. Les eaux souterraines sont a une profondeur uniforme et médiocre; cette 
profondeur s’accroit au-desous des éminences formant les lignes de partage des 
eaux; le réseau fluvial devient moins dense. 

L’équilibre de drainage se traduit par des sources au pied des versants des vallées 
et par des marécages sur leurs terrasses; le réseau fluvial est encore moins dense, les 
distances entre les cours d’eau atteignent 6 km. La nappe phréatique se trouve a une 
plus grande profondeur, surtout au voisinage des versants de vallées. 

L’équilibre réversible est marqué par des rivi¢res a écoulement périodique. 
L’équilibre d’irrigation souterraine — par des cours d’eau épisodiques; les riviéres 
constantes peuvent étre uniquement allochtoniques, alimentées par les eaux venant de 


montagne ou d’autres régions humides. 
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Les caractéristiques des onze types d’équilibre hydrodynamique montrent, que 
deux de ce nombre appartiennent 4 plusieurs zones climatiques. L’un c’est |l’équilibre 
réversible des vallées des riviéres de tous les climats sauf les climats purement océani- 
niques ot les hauteurs d’eau dans les rivieres sont peu variables et les climats extré- 
mement continentaux oui il n’arrive jamais, que la riviére draine son bassin. Le se- 
cond type d’équilibre, qui appartient a toutes les zones, c’est |’équilibre de sous- 
gisement qui se développe la partout ou la couche des matériaux poreux est trop 
mince et le substratum trop incliné pour qu’un type supérieur d’équilibre puisse 
se produire. 


L’équilibre de sous-gisement est propre surtout aux montagnes et aussi aux 
terrains oli sous une mince couche de terre mobile la couche sous-jacente, tout a fait 
impérméable, posséde localement une pente tres forte. C’est le cas, par exemple, des 
limons a glacitectonique perturbée, recouverts de sables glaciaires et marqués par des 
sources abondantes (escarpement de Varsovie, sources de la Lyna); ces phénomenes sont 
isolés dans de vaste étendues qui possédent une nappe phréatique conforme a la 
surface du terrain et qui sont complétement dépourvues de sources. 


Je considére les autres neuf types d’équilibre hydrodynamique comme restant en 
strict rapport avec I’humidité du climat; on les trouve [a, ot la couche supérieure de 
terre est plus ou moins uniformément perméable et assez épaisse pour qu’il ne se pro- 
duise pas d’équilibre de sous-gisement. Car, lorsqu’on compare les caractéristiques 
présentées plus haut qui résultent des spécificités de différents types d’équilibre, avec 
les descriptions des zones des eaux souterraines présentées par les chercheurs sovié- 
tiques, on remarque sans peine la concordance de mes définitions avec leurs descrip- 
tions. 

Les zones des eaux souterraines furent décrites par Iliine en 1925 (). Son idée fut 
développée et popularisée par les hydrologues Lange (’), le géographe-hydrologue 
Davidov, par Turemnoy, qui étudie les problémes concernant les tourbiéres, par la 
Grande Géographie Soviétique; la notion des zones fut mise en considération par 
Liczkov (), avec |’ceuvre monumentale de Dokoutczaiey. 


Dans sa caractéristique des eaux souterraines Iliine distingue les eaux azonées 
et zonée et comme critéres de leur caractére zoné il considére la profondeur jusqu’a 
la nappe phréatique, la minéralisation de |’eau et son chimisme; ces caractéristiques 
des eaux souterraines évoluées du Nord ot dominent surtout les climats humides vers 
le Sud aux climats arides. Le chimisme des eaux souterraines évolue du Nord au 
Sud de maniére que les eaux peu profondes du Nord possédent des additions orga- 
niques, puis elles atteignent un grand dégré de pureté, plus loin au Sud elles s’enrichis- 
sent en carbonates, puis — en sulphates et enfin — en chlorures. 

Je mets en paralléle les descriptions des zones des eaux souterraines présentées 
par Iliine, Turemnoy et Lange avec la notion des types d’équilibre exposée ci-haut, 
de maniére suivante : 

La zone des eaux des toundras répond — du moins dans sa partie nord — a 
Péquilibre géologique du gel permanent. La zone du nord des eaux peu profondes 
ot selon Turmenoy la nappe phréatique se trouve 4 une profondeur uniforme de 2m 
jusqu’a 4 m sous les lignes de partage des eaux, correspond a l’équilibre d’evapotrans- 
piration régionale et en partie aussi a l’équilibre d’infiltration. Les eaux morainiques 
azonées de Iliine — c’est le domaine de l’équilibre d’evaporation localement accrue 
qui est formé par le caractére du relief et non pas par le climat. La zone des vallons 
semble étre encore sujette a l’équilibre d’infiltration. La zone des profonds ravins, 
avec de nombreuses sources dans les vallées, correspond a l’équilibre de drainage. 
La zone des ravins et balkas, dont les fonds n’atteignent plus la nappe phréatique et 
en conséquence ne subissent pas les effets de l’érosion, semble étre le domaine de 
P’équilibre réversible. La zone des balkas avec les peu nombreuses riviéres dont cer- 
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paincs sont allochtoniques, zone ou sont exécutés de nombreux travaux @ irrigation — 
c est celle de l’équilibre d’irrigation. Enfin la zone la plus séche d’irrigation souter- 
raine n’a pu étre découverte par Iliine dans la partie européenne de 1’U.R.S.S 
Elle fut décrite par Lange comme située en Asie Centrale. pein) 
Je considére alors que les types d’équilibre hydrodynamique de la nappe phréa- 
tique, appuyés sur la théorie, correspondent entiérement aux relations décrites par 
les auteurs soviétiques, quoique ceux-ci, emploient comme critére les rélations 
géomorphologiques. En outre, il semble que les causes et les effets devraient étre consi- 
dérés comme ayant un sens inverse : les plaines doivent leur relief surtout a la profon- 
deur a laquelle est située la nappe phréatique ce qui dépend plutét du climat que des 
facteurs endogéniques. 

Puisqu’il il est facile d’expliquer par les onze types d’équilibre hydrodynamique 
de la nappe des eaux phréatiques, les traits caractéristiques de Vhydrographie des 
zones des eaux souterraines décrites par les chercheurs soviétiques, on peut aussi 
essayer d’enrichir les connaissances que nous possédons sur les eaux de ces zones 
par les observations faites dans les plaines de la partie européenne de l’U. R.R.S. qui 
enferme plusieurs zones climatiques. Ainsi Liczkov compare la carte des eaux 
phréatiques de Iliine avec la carte d’humidité du climat, dressée par Ivanov (5) qui 
présente la répartition de |’index d’humidité déterminé par les rapports des précipi- 
tations atmosphériques a la capacité d’evaporation, ce qui s’éxprime par les formules 
suivantes 


= oo Ex = 0,0018 (25 + 1)? (100 — a), 
Ex 

ou «a» est l’humidité relative obtenue a l’aide du pshychrométre d’Auguste. La 
comparaison de ces deux cartes montre la dépendance entre les zones des eaux phré- 
atiques et l’-humidité du climats trés humides (A> 1,5), — d’infiltration — dans les 
climats a humidité suffisante (1-1, 2), — de drainage — dans les climats a humidité 
moyenne (0,6-1), l’équilibre reversible — dans les climats a humidité insuffisante 
(0,3-0,6) ou selon Davidov — a humidité variable, l’équilibre d’irrigation — a humidité 
de déficit (0,13-0,6) et l’équilibre de bassin — dans les climats a humidité infime 
(K< 0,13). 

La concordance de la répartition géographique et la logique de la circulation 
permettent d’ajouter aux caractéristiques des types d’équilibre le genre du processus 
pédologique et de la couverture végétale. 

L’infiltration qui prévaut dans les climats humides améne le lavage des sels et 
leur migration vers les couches inférieures, ce qui aboutit a la formation des podsols 
4 la surface et au reigne des foréts coniféres. Au contraire, dans la zone séche la domi- 
nation de l’évaporation, surtout des eaux de condensation et des eaux allochtoniques, 
améne la migration des sels vers la surface et la formation des sols salés et des sols gris 
des déserts, ce qui forme des conditions de vie favorables aux halophytes. 

L’équilibre entre le lavage et la migration des sols vers la surface qui conduit 
V’accumulation des sels 4 une profondeur moyenne et a la formation d’une couche 
d’humus 4 la surface, semble correspondre a la zone d’équilibre de drainage — pour 
les sols bruns et les foréts feuillées et 4 la zone d’équilibre réversible — pour les 
tchernosems et les steppes. 

Les sols jaunes des climats de moussons et des climats subtropicaux semblent 
correspondre aux types d’équilibre périodiquement réversible qui doivent caractériser 
les régions 4 fortes variations @humidité. L’équilibre d’évaporation de la zone 
équatoriale provoque la formation des latérites. ; 

Les marécages dus a |’équilibre d’évaporation accrue se caractérisent par une 
végétation oligotrophique des Sphagnum et Eriophorum sp. Les marécages sujets 
a l’équilibre de drainage se caractérisent par des tourbiéres basses. 
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Ii faut remarquer aussi qu’il doit exister une épaisseur critique de la couche 
aquifére supérieure, cette épaisseur dépassée — l’équilibre géologique ne pouvant 
plus exister et la loi des zones décidant du caractére de la nappe phréatique. Cette 
épaisseur doit dépendre surtout du climat. Dans les régions humides elle doit étre 
de petite dimension; dans les régions arides l’épaisseur de la couche poreuse doit 
étre trés grande pour qu’un type supérieur d’équilibre puisse se produire. 


L’épaisseur critique de la couche séche dépend probablement de trois groupes 
de facteurs : 


1° de lalimentation, c.a.d. 

a) de l’infiltration des eaux atmosphériques et des eaux de condensation 

b) moins la valeur de l’évapotranspiration et 

c) moins une certaine partie de l’écoulement (au lieu de a, b, c on pourrait 
évaluer au moyen de différentes méthodes, la part des eaux souterraines dans |’écou- 
lement des riviéres, cette part étant égale 4 la quantité d’eau qui parvient de |’atmos- 
phére aux eaux phréatiques) : 


2° de la perméabilité 

a) de la couche aquifére, supérieure 

b) envers la couche perméable sous-jacente 
c) tenant compte de la température du sol et 
d) de la pente du substratum; 


3° du relief plus ou moins accidenté ce qui s’exprime 

a) les dénivellations des lignes de partage des eaux envers les lits des rivieres 
b) les distances entre les lignes de parte et les cours d’eau 

c) la pente des versants de vallées et des ondulations du plateau. 


La typologie dynamique de la nappe phréatique peut étre appliquée comme 
critére pour la dénomination des régions du point de vue de la géographie physique. 
Les notions de zones géographiques et d’epaisseur critique permettent de définir le 
caractére des eaux souterraines d’aprés le caractére de la surface du terrain, ainsi 


que de définir a priori la profondeur ou se trouve la nappe phréatique — si la couche 
poreuse est assez €paisse. 
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TYPES OF GROUND WATER APPEARING IN THE 
AREAS OF THE POST-GLACIAL LOWLAND 
IN POLAND ™ 


T. CELMER (Poland) 


The problem of ground water in Poland is a subject of interest to a large circle 
of specialists, scientists and practitioners. 

At the present moment we are in a possession of a Hydrographical Map of 
Poland in the scale of 1:300,000, drawn up in the office. Field investigations on shallow 
ground water are carried on by various institutions, they, however, relate to rather 
small areas and are most often done for municipal and building purposes. Continuous 
studies on ground water in selected points within the territory of Poland are done by 
the State Hydrologic-Meteorological Institute (°). These studies are of great impor- 
tance since any other investigations carried on during short periods of time can 
practically be related to them. 

The mapping of ground water for the whole country was begun in 1951 in the 
framework of the Hydrographical Map of Poland in the scale of 1:50,000 (2/3/4). 
This work is being done by the Institute of Geography of the Polish Academy of 
Sciences assisted by the Departments of Geomorphology and Hydrography in Cracow 
and Torun (8) and in co-operation with geographical departments of the universities. 
Up to 1960 nearly one fifth of the territory of Poland has been mapped. This report 
is based on the materials compiled by the Department of Geomorphology and Hydro- 
graphy of Lowlands of the Institute of Geography PAN in Torun, under the guidance 
of Professor R. Galon. 

In field research on the hydrographical map, the ground and surface waters are 
treated as co-dependent elements which form a whole as regards a general water circu- 
lation. The geographical environment, and especially its elements which decisively 
influence the conditions of the water circulation, e.g. litological features of superficial 
sediments, internal geologic structure, relief, climate, vegetation (especially forests) 
are here taken into consideration. Such a course of research on ground water provide 
a thorough knowledge of the subject, and makes easier the differentiation of kinds, 
levels and types of ground water. 

The mapping of shallow ground water appearing in the areas of the 
post-glacial Lowland has been based on the investigations of wells and ground water 
outflows. The Instruction to the Hydrographical Survey of Poland (1) gives several 
scores of differentiae relating to ground water. Most interesting to us are the follo- 
wing problems: the appearance and shaping of the ground water tables and especially 
those of the first level; spaciousness and volume of water-bearing layers in Quater- 
nary formations; mutual influence and interrelations between the ground water under 
investigation. The materials obtained during the field investigations are the basis 


for drawing hydroisohypses and hydroisobaths as well as synthetic geological profiles — 


for the area investigated; numerous derivative schemes and maps are also drawn 
with respect to the problematics of the examined area. 

Hydroisohypses are presented in the water discharge map in the scale of 
1:50,000. Also the points relating to all measured wells, with the altitude above sea 
level of their water table are shown in the map. Hydroisohypses are drawn on the 
basis of the interpolation of the values given at the points denoting the wells, with 
regard given simultaneously to the relief and geological structure of the relief and 
geological structure of the terrain. All ground-water outflows are here taken into 
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account. Hydroisohypses render it possible to determine and depict the ground-water 
courses and ground-water sheds. The areas of particular levels (I, HU, ID (’) and the 
kind of the ground water appearing in the given terrain (at the first level) — are 
separated with a border contour — line of a proper thickness. 

Hydroisobaths are shown in the ground water map also at the scale of 
1:50,000. The depth of the appearing water is given at the points relating to the 
measured wells. Hydroisohypses and hydroisobaths are drawn according to the same 
rule, and they present the actual picture of the ground waters during the investigations. 
On the base of the researches carried on in connection with the hydrographical map, 
H. Werner — Wieckowska elaborated in 1954 a division of ground waters in 
Poland (6). The following types were distinguished in the lowlands: 1) surface or 
so-called sub-soil waters; 2) alluvial waters, i.e. the waters of accumulative terraces; 
3) ground waters appearing in glacial sediments, in intra-morainic sands and in outwash 
plains. The number of ground-water levels varies from one (I) in the south to three 
(I, If, I) or even more in the north. The kinds and levels mentioned here appear in 
various manners due to the specific relief and geological structure of the lowland. 
Most characteristic types of the ground waters appearing in the areas under investiga- 
tions are discussed below. 


I 


In the post-glacial lowlands of Poland two groups of ground water types may be 
distinguished. The types of the first group are dependant on the distribution of the 
main types of the lowland relief, whereas in the second group the form of the appe- 
arance of the ground water is combined with the inclination of the area and especially 
that of the erosive and denudative steps. 

a) In the areas of morainic hills and hillocks the ground water appears in a 
chaotic way (Fig. 1). The depth and altitude of the water-table are various. Water- 
bearing levels are not continuous. Local underground reservoirs are frequently met 
and common are fields lacking water. Due to the disturbances in the geologic structure 
and accummulation of the material by inland-ice, the water-bearing level is not 
uniform. In certain water-bearing layers the ground water is often under pressure. 
Large fluctuations in the water table are observed over the whole year. These areas 
have scarce ground water and they lack it at all in dry summer. As a rule, hydroiso- 
hypses and hydroisobaths cannot be drawn for the zone of hills and hillocks. 

b) In the areas of flat and undulating moraine the first groundwater level appears 
most frequently under the clayey layer (Fig. 1). The depth of the water de pens here 
on the thickness of this statum. On the area of the Baltic glaciation this thickness 
amounts from 4 to 10 meters. Although the water-bearing layers of the first level 
are not always continuous (there are fields lacking water at all) the water appearing 
here shows joints. The water-table usually lowers in accordance to the general 
sinking of the terrain (Fig. 2), unless the moraine surface has been cut by erosion. 
A considerable amplitude of the water-table, amounting from 1 to 2,5 m. over 
the whole year, is characteristic for the ground water of the first level (from the sur- 
face). Dry summers bring in effect a complete lack of water in some areas. In July 
the temperature of the water amounts from 9° to 12°C (8). A moderately large per- 
centage of the areas discussed receives water from the second water level lying deeper 
and being better-stocked with water. As has been proved by our observations the 
waters of the second level are characteristic of a lower temperature in summer (July: 
about 7.5°-9.5°C) and of a smaller amplitude of the watertable. 

On the areas of ground moraines, small shallow reservoirs of subsoil water 
are often met in the sands underlain by clay. This water, as a rule, desiccates during 
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Fig. 2 — Example of the system of hydroisohypses and directions of the ground-water 
flow of the first level—in the flat and undulating ground moraine: 
1. subsoil waters, 2. hydroisohypses, 3. altitude above sea level of the water 
table in measured wells, 4. altitude above sea level in the wells with water of the 
second level, 5. directions of the water-flows sheds, 6. ground-water sheds, 
7. seasonal streams. 


summer. It is shown in the map of hydroisohypses with a special engraved line 
Streams,unless they have incised valleys, are seasonal or ephemeral in character 
and they do not influence the course-line of hydroisohypses (Fig. 2). 

There is a distinct difference between the types of the water appearing in ground 
moraines and that of the areas of morainic hillocks and hills. In the first instance 
the ground water table appears lower (above sea level) than it does among the morainic 
hills and hillocks. The temperature of the water in the hillock area is higher. 

c) A transitory zone is distinguished between the areas of morainic hillocks and 
hills and the areas of ground moraine. Particular water-bearing strata of the hillocks 
and hills join together and pass into the ground-water level of the ground moraines 
(Fig. 1). This zone has been shown in the map by the condensation of hydroisohypses 
and by the increase of their values. 

d) A separate type is the ground water in the outwash plains. (Fig. 3, 4). This 
terrain is built of sands and gravels of several meter thickness. As follows from the 
Figure, two tendencies are evident in the water flow of the ground water here. The 
first one, predominant, is in conformity to the general inclination of the outwash area, 
the other follows the local forms of the relief. The ground water of the outwash areas 
is always connected with the permanent river-net and flood areas. The depth of the 
ground water here depends on the thickness of the outwash sediments as well as on 
the deepness of the concave forms cutting the outwash area, e.g. channels, kettle-holes 
and river valleys. 

The ground water appearing in outwash valleys and valleys of larger rivers in 
the areas under investigation may be classified into two types. 

e) The first type is the ground water found in erosive terraces. The latter are most 
often upper and middle terraces. Their surface is built of sands and gravels. Beneath 
are impermeable sediments, as clays and silt. The impermeable strata of the outwash 
valleys and valleys are the continuations of those appearing in deeper parts of the 
adjacent morainic plateaux. Here clays frequently pinch out in the areas of particular 
terraces or they terminate at the breaks of their levels. A large percentage of the surface 
of erosive terraces is occupied by dunes. These areas are intensively supplied with 
ground and surface water flowing down from the adjacent morainic plateaux (Fig. 6) 
and with the atmospheric precipitations. Our observations have proved that the ground 
water from under the impermeable strata lowers the temperature of the water appea- 
ring in sands and gravels. Waters of that type are to be found at various levels. This 
depends on the geological structure and on the relief of the terrain. In the terraces of 
a large surface without dunes the ground-water table follows the relief of the area. 
The areas with dunes have a more diversified water table. The breaks between parti- 
cular terraces are strongly accentuated by hydroisohypses (Fig. 5) especially when 
the impermeable formations are terminated there. 

f) A second type of the ground water is to be found in lower drift terraces. Upper 
terraces are built of sands and gravels, whereas flooded ones — of sandy-dusty 
material or even of silt. Water of this type takes its origin in upper terraces and from 
the rivers. The border-line between these two types of water has been indicated in the 
map by a thick contour line (Fig. 5). 

The above-described group of the ground water relates to more spacious morpho- 
logical units having more or less diversified surface. There is also another group of 


water types appearing in connection with various modifications of erosive and denu- 


dative steps in the post-glacial lowland. 
Il 


a) In the areas under investigation there may be distinguished (in a largely 
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Fig. 3 — Example of the system of hydroisohypses and directions of the ground-water 
flow in outwash plains: 


1. lake, 2. hydroisohypses, 3. altitude above sea level of the water table in mea- 


sured wells, 4. ground-water shed, 5. directions of the ground water-flows, 
6. rivers. 
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Fig. 4 — Example of the system of hydroisobaths in outwash plains: 
1. hydroisobaths, 2. depth of the water in measured wells. 
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5 — Example of the system of hydroisohypses in the Vistula river valley: 

1. hydroisohypses, 2. directions of the ground-water flows, 3. border-line between 
the ground water of erosive terraces and alluvial waters, 4. rivers and meliorative 
canals with water flowing continuously, 5. rivers and meliorative canals with 
seasonal water, 6. the Vistula. 


generalized way) the types of waters linked in the terrains of the last glaciation with 
such old steps as: the old slopes of morainic plateaux falling toward outwash 
plains or to outwash terraces and river valleys; the slopes of some gutters which have 
probably been formed very early. To them also belongs, in the areas of older glacia- 
tions, the majority of steps which have been subjected to periglacial and denudative 
processes and were not rejuvenated later on, thus being deprived of covers. Field 
observations prove that except sporadic gutters, the steps are filled with covers of 
clayey and sandy creeping materials. On the border-line between the cover and morai- 
nic material the ground water makes its appearance on the depth of 1 to about 
2 or 3 meters. The water table goes down conforming to the declivity of the terrain. 
Differences in the altitude of the appearing water are dependent on the size of the 
step and amount to 30-50 metres. Geological cores taken in the morainic plateau 
of the breaks discussed have proved the existence of at least two levels of the ground 
water (Fig. 7). This type of the ground water takes its origin in the water-bearing layers 
of the plateau and flows down the morainic material to the terraces situated below. 
Impermeable formations are often met at the foot of the terrace and outwash-plain 
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Fig. eee System of the ground waters appearing on the old slopes of the morainic 
plateau: 


1. clays, 2. clayey-dusty covers, 3. peats, 4. water bearing sands, 5. ground water 
of the groundwater flows, 7. wells with water, 8. geological cores. 


slopes, close to the surface. Then the water outflows upon the surface giving in effect 
lengthwise swamps on the terraces and outwash plains. Their sinking conforms to the 
direction of the slope. Here, hydroisohypses gradually pass from the levels of the 
ground water of the plateau to waters of the morphological units located below. 

b) Among the types of the ground water dependant on the level of the area, 
distinct are old channels which have been formed in the areas with surface built of 
the boulder clay. The clayey cover is here directly adjacent to the clays lying deeper. 
This fact renders impossible the outflow of the ground water from the cut water-bearing 
layers. There is no depression here. In these instances, hydroisohypses terminate 
suddenly upon the edges. Hydroisohypses drawn below the steps represent the water 
table of other kind of water. In the places where the clayey cover has been cut through 
by young erosive forms, an intensive outflow of the ground water takes place. 

c) A third type of the ground water observed is connected with young steps 
Here the role of the covers is rather insignificant. To this group belong: the slopes 
of the valleys and of all young erosive cuttings, the steps appearing between terraces 
the slopes of gutters lacking cover (or having covers of small thickness) and young cliffs. 
A large variability of kinds, all combined with the geological structure, are to be 
found here. I will mention and discuss only two of them. 
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1. The first are the breaks built of loose, greatly permeable formations being 
most characteristic for the outwash plains and for the steps lying pomces river 
terraces. Here the water table gradually lowers and the greatest values of hydroisobaths 
are noted upon the edges. We do not observe here the outflows of the ground water 
upon the surface. 

2. The second are the steps in which the cut water-bearing layers make their 
appearance among the impermeable formations (Fig. 8). The depression of the ground- 
water table, connected with the edges, is smaller here than in the former case. Flood 
areas and water sources indicate the line of the outflow of the ground water. The values 
of hydroisohypses terminate here on the edges. 
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PC Sie System of the ground water appearing in a young slope: 
1. impermeable clays, 2. water bearing sands, 4. ground-water table. 


The above examples of the appearance of the ground water in the post-glacial 
lowland and their presentation on the hydrographic maps prove that there is a large 
variability in the picture of the ground water in the lowlands which show a relativly 
small denivelation; they also prove the significance of the hydrographical map as 
a precise registration of these facts, important both for theory and practice. 
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METHODES POUR L’ETABLISSEMENT DES 
CARTES HYDROGEOLOGIQUES 


™~ 


PH. RUSSO 


(France) 


RESUME 


Cette étude montre les rapports entre hydroisohypses et surfaces des imperme- 
ables, rapports qui permettent de dresser des cartes hydrogéologiques par simples 
courbes de niveau des imperméables, en évitant de surcharger le dessin, ce qui rend 
les cartes trés faciles a employer. Des exemples sont donnés par les cartes des terrains 
imperméables du «Plateau de la Croix Rousse» a Lyon. 


SUMMARY 


This study shows the relations between hydroisohypses and outsides of the im- 
pervious rocks, relations allowing to realize hydrogeologic maps by only level curves 
of the impervious rocks avoiding the surcharge of the drawing; thus the maps are very 
easy for use. Examples are given by maps of the impervious grounds of the «Plateau 
de la Croix Rousse» on the town Lyon. 


Les cartes hydrogéologiques ont pour but de donner une figuration a une échele 
définie de 1a position dans les terrains des surfaces aquiféres de toute nature existant 
dans ces terrains. 

Cette figuration peut se faire soit sur un plan horizontal ot sont projetées les 
positions des divers éléments caractéristiques présents dans le terrain, soit sur un 
modéle en relief olf ces mémes éléments sont mis en place dans trois dimensions 
orthogonales. 

Les positions de ces éléments caractéristiques peuvent étre figurées de trés nom- 
breuses fagons et ces éléments eux-mémes choisis de facon trés variable suivant 
l’échelle adoptée et les buts de détail a atteindre. Ainsi lorsqu’on veut simplement 
distinguer dans une vaste région les faites de dispersion des dépressions de convergence, 
on n’adoptera pas du tout le méme mode de figuration que si l’on yeut donner des 
détails précis sur les lentilles aquiféres contenues dans un ensemble de terrains perméa- 
bles séparés par des bancs argileux. 


Je veux ici m’occuper spécialement des modes de figuration qui paraissent les 
mieux adaptés aux études générales en régions a lentilles aquiféres multiples et discon- 
tinues. 

Il semble que dans ce cas la cartographie des positions des lentilles et des terrains 
porteurs ou emprisonnants, par courbes de niveau, soit la seule satisfaisante. La 
représentation des seules limites entre lentilles aquiféres et terrains secs ne donnant que 
des renseignements mal utilisables. 

Mais une telle cartographie suppose un réseau de sondages aux mailles assez 
serrées pour que l’on puisse interpoler d’un sondage aux sondages voisins les cotes 
observées et tracer avec le plus de chances d’exactitude possibles les courbes de niveau 
entre les sondages. 

Je donne ci-aprés des exemples de telles cartes hydrogéologiques établies pour 
le plateau de la Croix-Rousse 4 Lyon. Les levés ont été faits au 1/10.000¢ et en certains 


points au 1/2.0004. Les sondages, au nombre de 63 sur un cercle de 2.000 m de dia- 
métre ont permis de reconnaitre : 


1°) Les divers niveaux imperméables 
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2°) Les couches perméables aquiféres ou séches. 

3°) Les cotes de base et de sommet des assises perméables ou imperméables. 

4°) La cote du toit des lentilles aquiféres. 

5°) Le degré hydrotimétrique des eaux. 

6°) Le sens d’écoulement des eaux. 

Ces diverses données ont été exprimées sur les cartes établies pour ce plateau 
et il me semble qu’on peut trouver 1a un exemple de ce que doit étre une carte hydrogé- 
ologique de région peu étendue. 

Le mode de figuration employé permet en effet de se rendre compte par l’examen 
successif des diverses cartes correspondant a la série des niveaux étudiés, de la consti- 
tution hydrogeologique de la Croix-Rousse. Et méme il est facile de reporter ces 
courbes de niveau sur un plan en relief et de modeler ainsi les diverses assises de 
terrains et les diverses lentilles aquiféres et de donner par 1a une figuration compleéte 
de ce qui se passe du point de yue hydrogéologique dans le Plateau. 

Voici le développement de ces propositions. 

On doit distinguer avec FOURMARIER et TOLMAN trois types fondamentaux de 
roches en ce qui concerne les rapports entre ces roches et les eaux. On a des roches 
aquiféres, aquicludes et aquifuges. 

Les roches aquiféres sont surtout les roches granuleuses telles que graviers, 
sables, cailloutis, conglomérats mal cimentés. Ce sont les roches perméables en petit 
de MarTeEL. Sont également perméables les roches fissurées, telles que calcaires, 
dolomies, grés, quartzites, etc. diaclasés et fracturés, qui sont alors perméables en 
grand. 

Les roches aquicludes sont les argiles qui s’imbibent et qui, lorsqu’elles sont 
saturées d’eau, se comportent comme imperméables. Dans le méme cas sont les 
sables argileux, les sables trés fins compacts, les grés compacts plus ou moins suscep- 
tibles de fixer dans leurs pores des quantités parfois fort élevées d’eau qu’il est prati- 
quement impossible d’en extraire par les moyens mécaniques usuels. 

Enfin les roches aquifuges sont celles qui comme les roches cristallines en massifs, 
les calcaires massifs, schistes, grés et quartzites non diaclasés ni fissurés s’opposent 
au passage des eaux. 

Les cartes hydrogéologiques doivent essentiellement mettre en lumiére le mur et le 
toit des diverses assises de chacun de ces types de roches. 

C’est dans les roches perméables en petit que se montrent les masses d’eau, 
nommeées par A. MARTEL lentilles aquiféres, reposant sur des assises imperméables 
soit aquicludes, soit aquifuges. Le toit d’une lentille aquifére se trouvera plus ou 
moins élevé au-dessus de son mur, mais ce dernier sera toujours défini par le toit 
d’une couche imperméable. 

Dans les roches perméables en grand, les eaux cheminent dans les fissures et il 


n’est point question de lentilles. La carte hydrogéologique devient une carte des 


cours d’eau souterrains. 
Quant aux roches vraiment imperméables, les aquifuges des grands massifs 


cristallins, elles sont toujours surfaces aquiféres car elles sont nécessairement le lieu 
de réunion de toutes les eaux qui, contenues dans les roches perméables en petit, 
forment des lentilles car, en dehors des points ov celles-ci atteignent l’air libre par les 
exsurgences et autres exutoires, elles offrent presque constamment vers leurs bords 
des passages les anastomosant avec des lentilles de plus en plus bas situées. Ainsi 
les eaux descendent finalement, en quantités variables suivant les points, des lentilles 
aquiféres soit aux exutoires, soit au socle cristallin profond. Elles y descendent auss1 
depuis les roches perméables en grand. Parfois elles peuvent, par des fractures de 
ce socle pénétrer a son intérieur, et en remonter ensuite (par d’autres fractures), 
portées 4 haute température et minéralisées. Ce dernier cas correspond a des cartes 
hydrogéologiques d’un type bien spécial que je n’ai point propos d’examiner ict. 
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Nous allons voir ce qu’il en est pour des terrains alternativement perméables 
et imperméables reposant sur un socle cristallin, ce qui est le cas le plus fréquemment 


rencontré dans la pratique. ~ 


Il est bien évident que les hydroisohypses ou courbes de niveau de l’eau devront 
€tre déterminées en général par sondages rapprochés dans l’espace et qu’ils varieront 
dans le temps en fonction de la pluviométrie, de la condensation et des diverses causes 
faisant varier l’arrivée d’eau dans les lentilles aquiféres. Mais dans la pratique une 
carte hydrogéologique n’aura pas besoin de faire ressortir de telles conditions. En 
fait on constate que par exemple dans les cailloutis, sables et graviers du Glaciaire 
contenus entre les assises argileuses de ce méme terrain, l’eau imbibe toute la lentille 
de roches perméables en petit et que les cotes supérieures de celle-ci définissent les 
hydroisohypses de l’eau dans cette lentille. Dans les dépdts de piedmont, les hydroi- 
sohypses s’élévent de facon sensiblement continue des sources du pied du talus 
d’éboulis au pied de l’abrupt par ot s’alimente la nappe des alluvions. La carte des 
courbes de niveau du substratum imperméable de ces alluvions suffira donc a nous 
rensigner sur la position des eaux et la pente de ce substratum nous montrera le 
sens d’écoulement. 

Il en est de méme dans la plupart des cas. La carte hypsométrique de l’imper- 
méable soutenant une lentille aquifére suffit a faire connaitre la forme, la disposition 
d’ensemble et le sens d’écoulement de cette lentille. En particulier, la carte du socle 
cristallin est la plus instructive, car elle traduit les inflexions sous les alluvions et 
sédiments de divers Ages des aires de dispersion séparant les uns des autres les divers 
bassins de convergence ot sont installés lentilles aquiféres et cours d’eau souterrains. 


Dans le Plateau de la Croix-Rousse, la carte hypsométrique du socle cristallin 
nous ferait voir un trapéze de granites et de gneiss, offrant des cétés a regard E, 
NW, W et S. Ce socle offre dans la plus grande partie de son étendue une altitude 
de 200 m environ, et se dispose en un plateau coupé brusquement sur chacun de ses 
cétés par des accidents tectoniques et érosifs tels que les cotes y apparaissent respecti- 
vement, en valeur absolue, a +100, + 140, + 145, —5. Des dépressions circulent a 
la surface de ce plateau, se dirigeant vers divers points de ses cétés. Malheureusement 
les nécessités d’imprimerie ne nous permettent pas de reproduire ici cette carte qui, a 
la réduction, viendrait trés noire et pratiquement illisible. Nous avons donc du en 
faire une réduction avec courbes espacées de 20 m. 

La simple carte hypsométrique de la surface de ce socle cristallin nous montre 
la position et le cheminement que doivent avoir les eaux a sa surface. Les recherches 
de détail faites 4 l'occasion de divers travaux de construction ont toujours fait rencon- 
trer l'eau aux cotes prévues par la carte. Seule |’épaisseur de la lentille est un peu 
variable suivant la saison et les points ot on I’atteint. Ainsi dans les couloirs du pla- 
teau elle est plus épaisse que dans les autres régions. Mais le but d’une carte hydrogé- 
ologique n’est pas de donner des détails locaux, elle est un moyen pour définir des 
ensembles de conditions conduisant a l’étude de ces détails locaux. 

Au-dessus de ce socle cristallin se trouve une épaisse série de sables partiellement 
argileux et tant6t aquicludes, tant6t perméables en petit. Leur ensemble, qui constitue 
la Molasse marine et saumatre vindobonienne, forme, surtout au N du plateau cris- 
tallin, un vaste remplissage allant de la cote —5a la cote 180 environ et méme proba- 
blement, dans I’E, de —15 ou —20 & +180. Les eaux incluses dans cet ensemble 
circulent tres lentement suivant le type percolation en petit en direction des plus 
basses altitudes et ce en particulier suivant le couloir situé au flanc NW du Plateau 
et le séparant des éléments situés plus au NW de l’ensemble cristallin de la région 
(gneiss affleurant 4 + 180 et s’élevant en direction du Mt d’Or c’est a dire au NW). 
La carte hypsométrique du Cristallin va nous donner le sens d’écoulement des eaux 
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a or coe ihe acres pour y accéder, trés lentement d’ailleurs, en 
eae. 1, | ent aquiclude de la Molasse. 
son dépét, se trouve le metiens hee peeeiaeaty a ie opi Seeea : 
et pratiquement imperméable si sans at h pean ma hei apie dada tes 
que de sa base va nous donner le sommet de as oe 
eel e, ; met de la Molasse dont les eaux s’en vont vers 
venons e le voir, ou, dans les points ot! la Molasse est absente, les mémes 
cotes que le Cristallin. Quant a la carte des cotes du sommet du Pontien, elle nous 
montre la surface inférieure d’une lentilie aquifére contenue dans les terrains sus- 
jacents au Pontien impermeable ou plutét, nous allons le voir, d’une série de lentilles 
aquiferes anastomosées et situées a diverses hauteurs, que séparent des lentilles argi- 
leuses imperméables, laissant entre elles de vastes intervalles occupés par des sables 
fins et des cailloutis ou graviers. 

Immeédiatement au-dessus du Pontien, on voit en général un conglomérat calcaire 
gris, le Préglaciaire. Il est d’ordinaire trés fissuré et perméable en grand. Ailleurs il 
est sableux. Ailleurs encore il est absent et on rencontre immédiatement l’argile 
glaciaire. Dans l’ensemble on a done sur le Pontien, imperméable, de l’eau incluse 
dans des fissures du Préglaciaire ou dans des sables ot elle forme lentille et en tout 
état séparée d’autres eaux plus haut situées en lentilles. Les cartes hypsométriques 
de la base et du sommet du Préglaciaire nous permettent de comprendre les rapports 
possibles de position entre ces lentilles aquiféres, le sommet du Pontien et les lentilles 
situées plus haut, dans le Glaciaire. Les cheminements probables des eaux se définis- 
sent facilement par les lignes qu’on peut mener orthogonalement aux hydroisohypses 
des eaux de chacun des niveaux aquiféres définis par ces cartes de base et de sommet des 
des terrains porteurs d’eau, imbibés d’eau ou retenant partiellement 1’eau. 

Il ne semble pas qu’il soit utile d’envisager de dresser des cartes plus détaillées 
d’hydroisohypses, sauf bien entendue si l’on veut définir exactement, pour un but 
local de construction ou de drainage, l’épaisseur exacte de la ou des lentilles en un 
point défini. Mais nous entrons la dans des cas de détail d’application de génie civil 
ow i’on travaillera sur des échelles bien plus grandes. 

Un autre type de cartes hydrogéologique me semble a préconiser parallélement 
4 celui des cartes en courbes de niveau des terrains représentant les courbes hydroi- 
sohypses. Ce sont les cartes de courbes d’égale dureté hydrotimétrique que je pense 
devoir appeler simplement courbes isohydrotimétriques. 

Elles ont l’avantage de permettre de suivre les modifications que peuvent subir, 
en ce qui concerne leur richesse en calcaire notamment, les eaux passant par perco- 
lation ou cheminement latéral d’un terrain a un autre et se chargeant dans ce trajet 
en matériaux chimiques solubles ou au contraire s’en déchargeant par précipitation, 
dans les formations de stalactites et stalagmites dans les grottes, cavernes, fissures 
ou méme galeries d’origine humaine. 

Je ne peux donner, comme je l’ai fait pour les cartes d’hydroisohypses, d’exem- 
ples réalisés dans le plateau de la Croix-Rousse de cartes d’hydrotimétrie, et ce en 
raison de la limitation de l’espace imparti pour la présente note. On y verrait notam- 
ment la diminution progressive du degré hydrotimétrique dans les eaux des divers 
niveaux, en allant de haut en bas et de |’Ouest vers 1’Est. 

De telles cartes permettent de faire ressortir des variations qui permettent a leur 
tour de déterminer les communications ou Visolement des lentilles aquiféres. 


G.V. Bocomotovy et A. L. SILIN-BEKTCHOURINE ont donné de nombreux exemples 
de cartes locales d’hydroisohypses portant sur quelques dizaines de métres ou sur de 
grandes étendues planes. Les faits constatés 4 la Croix-Rousse sur un cercle de 2.000 m 


de diamétre montrent que cette méthode de figuration est celle qui présente le plus 


d’avantages, comme je l’ai montré plus haut, méme et surtout pour des régions 
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fortement accidentées par suite de l’érosion fluviale, les découpant en petits secteurs 
indépendants. . 

Ces auteurs pensent qu’il convient d’annexer a la carte des coupes. Certes, 
comme pour les cartes géologiques, cela peut @tre une.commodité, mais n’est pas 
indispensable, car les courbes de niveau permettent au lecteur de se faire une parfaite 
idée de ce que montreraient les coupes. 

L’adjonction a la carte des hydroisohypses de la désignation des affleurements 
d’eau constatés, (sources, exsurgences) est aussi une commodité mais ne parait pas 
indispensable, car l’intersection des surfaces aquiféres avec le sol ressortira de la 
comparaison de la carte des hydroisohypses avec la carte topographique du pays. 

Il faut alléger le plus possible une carte qui doit étre un instrument de travail 
pratique. 

Bien entendu il est des régions ot la disposition cartographique simplifiée que 
je propose ne saurait suffire et ou des cartes figurant les hydroisopiézes sont néces- 
saires, si les eaux sont sous charge. De méme les cartes de dureté hydrotimétrique 
peuvent n’y point suffire et il faudra définir les divers anions et cations et reporter sur 
des cartes les bassins de répartition de ces caractéristiques hydrochimiques. Mais 
dans la majeure partie des cas, ces renseignements ne sont pas utiles dans la pratique 
et surchargeraient de fagon génante la documentation pour l’usage courant. 

Le but a atteindre étant la mise en lumiére de la forme des lentilles aquiféres et 
le sens d’écoulement des eaux, leur dureté et le sens de variation de cette dureté, les 
cartes hydrogéologiques courantes me paraissent devoir étre dessinées en partant 
de la mise en place des courbes de niveau séparant les terrains perméables et imper- 
méables qui pratiquement définissent les hydroisohypses, et ce depuis le socle cristallin 
jusqu’aux terrains les plus jeunes de la région étudiée. Et pour les cartes de dureté 
de l’eau, par des courbes figurant la répartition des eaux de diverses duretés en allant 
des plus dures aux moins dures. 

Pour des études théoriques ou pour des examens trés localisés, il faudra bien, 
assurément, avoir recours aux déterminations de détail, mais non dans |’étude générale 
d’une vaste région ou méme dans celle d’une région moins étendue mais offrant une 
certaine régularité dans la superposition des assises qui la constituent. 

La Croix-Rousse, plateau de terrains miocénes, pliocénes et quaternaires repo- 
sant sur un socle cristallin lui-méme en plateau et sur les flancs duquel les assises des 
divers Ages sont coupées par I’érosion du Rhéne et de Ia Saéne et ainsi affleurent par 
leur tranche, est l’un des innombrables cas ot se retrouve la méme disposition, notam- 
ment en Champagne, en Artois, en Charente, dans les Causses, etc. Au contraire les 
exemples présentés par BOGOMOLOY et SILIN-BEKTCHOURINE sont choisis en pays 
montagneux, pour lesquels il est nécessaire de pousser beaucoup plus loin l’examen, ou 
en pays de plaine steppienne ow les assises affleurent sous des pentes trés faibles et 
peuvent ainsi présenter des lentilles aquiféres dont les limites doivent étre définies 
avec minutie. C’est pourquoi croyons-nous nécessaire d’attirer J’attention sur des 
situations différentes de celles que décrivent ces auteurs. 


En conclusion, je préconise donc I’établissement de cartes hydrogéologiques . 


montrant la disposition des surfaces de séparation entre les surfaces perméables et 
imperméables. Chaque surface de séparation étant figurée sur une carte distincte et 
ces cartes étant comparées entre elles, on voit immédiatement la puissance des assises 
perméables ou imperméables et la position des surfaces aquiféres est ainsi définie a 
peu de chose prés. 

En ce qui concerne les cartes de dureté, la situation est comparable. Pour chaque 
lentille ou groupe de lentilles anastomosées on établit une carte ot les yaleurs du degré 
hydrotimétrique sont portées en courbes représentant chacune le passage d’une zone 
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d’eau a degré défini 4 la zone du degré supérieur ou inférieur, et la croissance ou la 
décroissance de la dureté est ainsi définie dans chaque nappe ou lentille. 


C’est, 4 mon avis, le mode le plus pratique d’établissement des cartes hydrogéolo- 


giques pour la grande majorité des cas usuels. 
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DIE HYDROGEOLOGISCHE KARTE 
1 : 100000 VON NORDRHEIN-WESTFALEN (s) 


H. KARRENBERG, Krefeld 


ZUSAMMENFASSUNG 


In Nordrhein-Westfalen ist ein hydrogeologisches Kartenwerk 1: 100.000 be- 
gonnen worden. Das erste Blatt (Miinster) liegt gedruckt mit Erlauterungen vor 
weitere Blatter sind in Vorbereitung. 4 

Die Grundprinzipien werden diskutiert, die fiir die Herstellung einer solchen Karte 
maBgebend gewesen sind. Wichtig schien uns, den lithologischen Charakter der 
Gesteine sowie deren Wasserfihrung (Kapazitat, Wegsamkeit und Entnahme méglich- 
keit) darzustellen, wobei die Darstellung sich auf alle wasserfiihrenden Schichten 
erstrecken muB. 

_ Der lithologische Charakter wird durch reihenférmig angeordnete Gesteins- 
signaturen angegeben, die Uberlagerung durch die Richtung der Signaturen, die Wasser- 
fiihrung (HOffigkeit) durch die Farbe der Signaturen. Dabei sind die Richtungen nach 
einem bestimmten System gewahlt, so daB eine Richtung jeweils das Hauptgrund- 
wasserstockwerk einer geologischen Formation angibt. Auf diese Weise kénnen die 
Grundwasser stockwerke tiber gréB8ere Entfernungen hin leicht iibersichtlich veran- 
schaulicht werden. Die Wasserfiihrung ist wie in friiheren deutschen Kartenwerken 
durch den — nicht sehr exakten — Begriff der «H6ffigkeit» angegeben; sie ist empi- 
risch nach der Ergiebigkeit von vertikalen Bohrbrunnen tiblicher Bauart bei ertrag- 
licher Spiegelabsenkung geschatzt und enthalt Vorstellungen iiber die Kapazitat, 
Wegsamkeit und Entnahme méglichkeit. Dabei werden Gebiete mit > 10.000, 
1000 — 10.000, 500 — 1000, 100 — 500 m3/Tag in einem Brunnen gewinnbarer Was- 
sermengen und Gebiete mit stark wechselnder Héffigkeit (von 100 — 10.000 m?/Tag) 
farblich unterschieden. Das AusmaB der Versickerung ist flachenhaft in verschiedenen 
Grauténungen wiedergegeben. Zusadtzliche Angaben sollten nur eingezeichnet werden, 
wenn das Bild nicht iiberladen wird. Sie werden hier in Nebenkarten auf dem Rande 
in kleinerem MaB8stab untergebracht. 


RESUME 


En Rhénanie et Nord-Westphalie, une carte hydrogeologique a l’échelle 1: 
100.000 a été commencée. La premiére feuille (Miinster) est déja imprimée et 
d’autres feuilles sont en préparation. , 

Les principes fondamentaux, sur lesquels se base 1’établissement d°une telle carte 
sont discutés. La nature lithologique des terrains et la présence d’eau (la capacité d’eau, 
la perméabilité et la possibilité d’exploiter l'eau) nous semblaient des points essen- 
tiels. La représentation doit contenir toutes les couches aquiféres, jusqu’a une grande 
profondeur. : r > 

La nature lithologique est marquée par des signes en rangées, la superposition par 
la direction des signes et la possibilité d’exploiter ’eau (HOffigkeit) est marquee par la 
couleur des signes. La direction des files est destinée selon un systeme certain concer- 
nant tout le pays, pour que chaque direction représente la nappe principale d’une 
formation géologique. D’une telle maniére on peut facilement rendre visibles les 
nappes et leur extension sur de grandes étendues. La possibilité d extraction d eau 
est marquée par le « Héffigkeit» comme il est réalisé sur d autres cartes hydrogéologi- 
ques de 1’Allemagne de l’Ouest, en comprenant cette possibilité d@’extraction pour le 
cas de restitution suffisante de l’eau souterraine. Cette HOffigkeit est trouvée d’une 
maniére empirique selon la productivité des puits forés verticaux de construction nor- 
male qui font naitre un ea es de la eae ie ea pesca 
exploitable par pompages s.G, S. . Il est aussi possible sti E 
Gun Pradinceivate de z= 10.000, 1000 — 10.000, 500 — 1000 ou 100 — 500 m?/jour 
dans un seul puits par des couleurs différentes. En outre il y a des terrains d’une 
productivité trés variable ( 100 — 10.000 m®/jour). uy ne convient guére d’y enregistrer 
des indications supplémentaires. Il fallait les représenter sur des cartes annexées a 
échelle réduite sur le bord de la carte principale. 


(*) Das Blatt Miinster dieses Kartenwerks ist im Anhang beigefiigt. 
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SUMMARY 


In Northrhine-Westfalia we began a hydrogeological map scale 1 : 100.000 
The first folio (Miinster) is now printed with separate explications and further folios 
are going to be finished. ; ‘ 

The main principles, on which the representation of such a map was based, are 
discussed. It seemed to be important to make visible the lithological nature of the 
rocks as well as the characteristics of the groundwater flow (water-capacity, permeabi- 
lity and water-yield). The planning has to contain all waterbearing beds till to great 
depth. ‘ 

: The Jithological character is designed by lines and signs ordered in rows, the 
superposition of the waterbearing beds by the direction of the rows and the water- 
yield by their colour. The direction of the different signs and rows is planned as a 
general system for the mapping of the whole country. In this way one direction signifies 
the main aquifer of a geological formation and we can easely continue an aquifer 
over great distance, possibly over a distance of several folios. The available water- 
yield — as in other west-german hydrogeological maps — is expressed by the «HO6f- 
figkeit» meaning the possibility of permanent extraction of certain water quantities — 
in case of sufficient groundwater-replenishment. 

This «Hoffigkeit» has been derived by experience from normally constructed 
vertical wells causing a tolerable lowering of the watertable. By this areas can be 
limited where more then 10.000, 1000 — 10.000, 500 — 1000 or 100 — 500 m?/day 
can be extracted by a single well. Other areas with changing yield (100—10000 m*/day) 
can be distinguished. Secondary maps with a diminuated scale should be planned on 
the margin of the main map. It is not suitable to remark supplementary facts in the 
main map in order to avoid an overloading. 


VORWORT 


Nachdem fiir Nordrhein-Westfalen eine hydrogeologische Ubersichtskarte im 
MaBstab 1 : 500 000(3) und eine groBe Anzahl Spezialkarten im MaBstab 1 : 25 000 (2 
4, 5, 8) bearbeitet worden sind, hat das Geologische Landesamt in Krefeld die Bear- 
beitung eines hydrogeologischen Kartenwerks 1 : 100 000 begonnen.*) Die Diskus- 
sionen tiber verschiedenartige Entwiirfe fiir die zweckmaBigste Darstellung ziehen 
sich bereits tiber mehrere Jahre hin. Dabei konnten wertvolle Anregungen aus der 
vom Amt fiir Bodenforschung Hannover bereits im gleichen MaBstab probeweise 
gedruckten Karte fiir das Emsland gezogen werden (°). 

Nunmehr liegt das erste Blatt unserer neuen Karte mit Erlauterungen vor. 

Es handelt sich um das Blatt Miinster, in dessen Bereich im wesentlichen schwach 
geneigte Schichten der Oberkreide auftreten, die yon verschiedenartigen pleistozinen 
Ablagerungen iiberdeckt werden. Andere Blatter sind fiir den Druck vorbereitet oder 
in Bearbeitung. 
; Die hydrogeologische Karte Blatt Miinster stellt eine Gemeinschaftsarbeit 
innerhalb des Geologischen Landesamtes Nordrhein-Westfalen dar, bei der nicht 
nur versucht worden ist, die Grundlage fiir ein das ganze Land umfassendes Karten- 
werk zu schaffen, sondern auch die Mdglichkeit betrachtet worden ist, wie die 
benachbarten Linder der Bundesrepublik eventuell sich anschlieBen k6nnen. Mit 
den Hydrogeologen aller westdeutschen geologischen Landesanstalten sind die 
Entwiirfe im Prinzip vorher diskutiert worden. Dariiber hinaus sind Erfahrungen 
verwertet, die in anderen Landern bei der Herstellung ahnlicher Karten gemacht 
worden sind (2:67). Die Grundgedanken, die bei dem Aufbau des Kartenwerks 
uns bewegt haben, sollen im folgenden zunachst besprochen werden. 


1. GRUNDSATZE FUR DIE DARSTELLUNG 


1.1. Es soll sich um eine Karte handeln, nur so ist eine raumliche Vorstellung tiber 
groBe Gebiete hinweg zu erhalten. Profile allein, auch wenn sie serienmaBig iiber die 
Blattbereiche gelegt werden, vermégen keinen groBraumigen Uberblick zu gewahren. 


(*) Es wird dabei die Auffassung vertreten, daB fiir das ganze Land eine solche 
hydrogeologische Karte hergestellt werden sollte, nicht nur fiir einzelne «Becken», 
wie es I. MARGAT befiirwortet hat (6, S. 42). 
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Dies steht zwar im Gegensatz zu verschiedenen in der Literatur erwaihnten Auffas- 
sungen, wird von anderen Autoren aber entschieden befiirwortet, da nur in der 
flachenhaften Darstellung die raumliche Ausdehnung von Grundwasserleitern 


und die Verbreitung der vielen hydrogeologischen Merkmale wiedergegeben werden 
k6nnen. 


1.2. Es soll sich um eine hydrogeologische Karte handeln, d.h. um eine Aussage 
liber die Beziehungen zwischen dem Grundwasser mit den Gesteinen, in denen es sich 
befindet und flieBt. Es soll also weder eine geologische Karte mit einigen Angaben 
iiber die Wasserfiihrung, noch eine Aydrologische Karte ohne Beriicksichtigung der 
geologischen Verhiltnisse sein. Daraus folgt, daB 


4) das geologische Alter der Gesteine bzw. die geologischen Formationen 
zweitrangig sind, 
, b) das optisch wirkungsvollste Ausdrucksmittel in der Kartendarstellung, 
namlich die Farbe, nicht fiir das unterschiedliche geologische Alter bzw. die geolo- 
gischen Formationen verwendet werden sollte. 


1.3. Es handelt sich um eine Ubersichtskarte. Sie soll eine regionale Synthese 
von FEinzeluntersuchungen und eine Zussammenfassung von Spezialkartierungen 
darstellen. Daraus folgt, daB 


a) die Darstellung stark vereinfacht werden mu8 und Einzelheiten zuriicktreten 
miissen (s. 6, S. 36-38), 

b) das Darstellungspinzip einheitlich fiir gr6Bere Raume anwendbar sein muB, 
so daB die einzelnen Kartenblatter ohne Schwierigkeiten aneinander gelegt werden 
kénnen. Es muB so ein Uberblick iiber ein oder mehrere Grundwasserbecken (bzw. 
Grundwasserlandschaften) zu gewinnen sein. 


1.4. In der Karte muB — wenn méglich — die Gesamtheit der Grundwasser- 
stockwerke beriicksichtigt werden, mdglichst bis zur Salzwassergrenze in der Tiefe, 
um so eine Vorstellung von den gesamten Grundwasserreserven eines Raumes zu 
gewinnen (*). Dieser Grundsatz ist umso wichtiger, je grodBere Raume dargestellt 
werden, d.h. je mehr die Karte als groBraumige Planungsunterlage gedacht ist, d.h, 
je kleiner der MaBstab ist (1 : 500 000, 1 : 1 000 000 etc.). 


1.5. Aus der Notwendigkeit der Vereinfachung ergibt sich, da i. allg. keine 
Grundwasserstauer (mit Sohlen und Dachflichen) dargestellt werden kOnnen, sondern 
nur die Grundwasserleiter selbst in vereinfachter Form. Aus dem gleichen Grund ergibt 
sich auch, daB die Oberflachenschichten, die vielfach bei Spezialkarten noch zur 
Verdeutlichung der EinsickerungsmOglichkeit der Niederschlige mit dargestellt 
werden,entfallen miissen. 


1.6. Beziiglich der Grundwasserfiihrung der Gesteine interessiert vor allem 
Folgendes : 


a) geologische Aussagen 


Der lithologische Charakter der verschiedenen Grundwasserleiter (nicht nur des 
obersten Seer kes) mu8 erkennbar sein und die Uberlagerung der verschiedenen 
Stockwerke muB8 dargestellt werden, desgleichen Verwerfungen und Lagerungs- 
verhiltnisse, soweit der MaBstab dies zula Bt. 


i : hen making 
*) Man vergleiche dazu auch M.V. CHURINOW : «Therefore, WI 

a Pee oetaianep, it is necessary to show the distribution of subsoil waters not 
only in parallel to the ‘surface of the earth, but also in the vertical direction» (1958 


S. 62). 
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b) hydrologische Aussagen 


Der Wasserinhalt der Leiter (Standwasser, static resources, volume of subsoil 
water) mus entsprechend dem Porenyolumen bzw. Kluftraum, entsprechend Tiefe 
und Dicke des Leiters abzuschatzen sein. Weiierhin sa]lten der natirliche A fluB 
(dynamic resources, consumption of subso.l water runing through the bed in the 
natural condition , 2. S. 65) und die gewinnbaren Wassermengen unter Beriicksich- 
tigung der Erneuerung (exploitation 1iesources with regard to the renewal) zu 
erkennen sein. 


1.7. Die unter 1.6. genannten Forderungen fiillen wahrscheinlich in den meisten 
Fallen das Kartenblatt. Um dieses nicht uniibersichtlich werden zu lassen, miissen 
andere interessierende Angaben auf Deckpausen (im gleichen Mafstab) oder besser 
auf verkleinerten Nebenkarten am Rande der Hauptkarte dargestellt werden, vor 
allem die chemischen Verhiltnisse sowie technische Angaben, wie z.B. die gegenwar- 
tigen Entnahmemengen (s. auch 6, S. 37 : les éléments, dont la figuration sera surtout 
fonction des particularités locales et de la mesure dans laquelle ils ne risquent pas de 
nuire a la clarté de l’ensemble). 


2. BISHERIGE DARSTELLUNGSVERSUCHE IN DEUTSCHLAND 


Die erste hydrogeologische Karte 1 : 100 000 wurde in Westdeutschland probe- 
weise durch das Amt fiir Bodenforschung Hannover hergestellt, dariiber hat 
W. RICHTER in Toronto 1957 berichtet (®). Dabei sind fiir eine Landschaft mit quar- 
tdren und tertidren Schichten die verschiedenen Grundwasserleiter durch gerade 
Linien verschiedener Art, Richtung und Farbe gekennzeichnet. Die Art der Linien 
gibt die lithologische Ausbildung und das Alter der Schichten, ihre Richtung kenn- 
zeichnet das Stockwerk und die Farbe sagt iiber die HOffigkeit (water-yield) aus. 
Das sind die Angaben, die oben unter Punkt 1.6. Abschnitt a) und 5) gefordert wurden. 
Die HOffigkeit ist allerdings nicht exakt und gibt nur eine ungefahre Vorstellung 
vom Wasserinhalt der Grundwasserleiter, der natiirlichen Wasserbewegung und den 
gewinnbaren Wassermengen; das ist den Autoren durchaus bewuBt gewesen. Es sei 
auch vorweg bemerkt, daB in unserer jetzt vorgelegten Karte die Hoffigkeit in gleicher 
Weise eingeschatzt und dargestellt worden ist. 

Die Hauptschwierigkeit in diesen Kartenentwiirfen ist die Zahlung der Grundwas- 
serleiter von oben nach unten als erstes, zweites usw. Stockwerk. Da das erste, zweite 
usw. Stockwerk aber durch bestimmte Richtungen der Signaturen gekennzeichnet 
werden und da Ortlich aus einem ersten Stockwerk ein zweites (und umgekehrt) 
werden kann, z.B. durch Uberlagerung einer jiingeren Schicht, wechselt die Richtung 
der Signaturen haufig an geologischen Grenzen. Daher fallt es oft schwer, einen 
bestimmten Grundwasserleiter raumlich zu verfolgen, da er u.U. eine mehrfach wech- 
selnde Richtung der Signaturen zeigt. Die Lesbarkeit der Karte ist dadurch erschwert. 

In einem vom Amt fiir Bodenforschung Hannover ebenfalls hergestellten Entwurf 
fiir eine Landschaft mit gefaltetem Mesozoikum (°) ist im Prinzip die gleiche Darstel- 
lungsweise angewandt worden. Dort sind aber durchweg nur zwei Stockwerke darge- 
stellt. Mehr Angaben wiirden die Karte bei der starken Faltung der Schichten und 
der dadurch verursachten Kleinheit der Flachen tiberladen. In anderen Gebieten 
des Mesozoikums werden die gleichen Schwierigkeiten auftreten wie sie oben fiir 
den Flachlands-Entwurf angegeben worden sind. 


Vom Geologischen Landesamt Nordrhein-Westfalen ist daraufhin ein erster Entwurf 
einer Karte ausgearbeitet worden, die sowohl wenig geneigtes Mesozoikum wie 
Quartaér umfa Bt (BI. Miinster 1 : 100 000). In diesem Entwurf wurden die Stockwerke 
von einem Hauptgrundwasserstockwerk aus nach oben und unten gezahlt und 
— entsprechend dem oben geschilderten Verfahren der Richtungsinderung der 
Signaturen — die Linien und Streifen nach links bzw. rechts verdreht. Da aber das 
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Hauptgrundwasserstockwerk die fiihrende Rolle nicht auf gré8ere Entfernungen 
beibehalt, ware an Blattrandern oder am Rande von hydrogeologischen Einheiten 
ein Wechsel in der Richtung der Signaturen fiir das Hauptgrundwasserstockwerk 
notwendig geworden. Das schien untunlich, da ja — entsprechend obigem Punkt 
1.3 Abschnitt 5) eine Darstellung gesucht wurde, die iiber grOBere Gebiete hinweg 
anwendbar ist. Uber eine neue Methode der Darstellung wird im folgenden 
Abschnitt 3 berichtet. 


3. DIE NEUE HYDROGEOLOGISCHE KARTE BLATT MUNSTER | : 100 000 


In der Karte ist versucht worden, die Gesamtheit der interessierenden Grund- 
wasserstockwerke, bis zu einem Salzwasserstockwerk in der Tiefe darzustellen 
(s. Punkt 1.4). 

Es wurden nur Grundwasserleiter in einfacher Form wiedergegeben (s. Punkt 1.5); 
in einzelnen Fallen wurden Isohypsen fiir hydrogeologisch wichtige Horizonte einge- 
zeichnet (z.B. fiir die Grenze Emscher/Turon, die gleichzeitig Dachflache des turonen 
Salzwasserstockwerks ist). 


Der lithologische Charakter (Art des Grundwasserleiters) ist durch reihenformig 
angeordnete Gesteinssignaturen angegeben, die Uberlagerung der einzelnen Stock- 
werke durch die Richtung der Signaturen, so wie bei den friiheren Darstellungsver- 
suchen (s. oben unter 2). Nunmehr wurde aber allen in Nordrhein- Westfalen vorkom- 
menden Grundwasserstockwerken vorher eine bestimmte Richtung zugeteilt derart, 
daB das Pleistozin eine wagerechte Richtung erhalt, das Pliozin eine um 45° im 
Uhrzeigersinn verdrehte Richtung, und daB entsprechend fiir jedes altere Grund- 
wasserstockwerk die Signatur um weitere 45° gedreht wird. Bei den vielen in unserem 
Lande auftretenden Grundwasserstockwerken erfolgt die Drehung insgesamt mehr- 
mals um die Windrose, die Richtungen wiederholen sich also bei den zahlreichen in 
in der Formations Folge auftretenden bedeutenden Grundwasserleitern mehrmals. 
Dies schadet jedoch nicht, da die Stockwerke durch ihre Gesteinssignatur meist gut 
unterschieden werden kénnen (Selbst wenn Stockwerke mit gleichartiger litholo- 
gischer Ausbildung tibereinander liegen und die Richtung ihrer Signaturen gleich 
ist, gibt es Méglichkeiten der Unterscheidung, z.B. durch Absetzen der unterlagernden 
Signatur an der oberen sowie durch verschiedene Farben gema8 der unterschiedlichen 
HOffigkeit). 

Treten lokal kleine, weniger wichtige Grundwasserstockwerke auf, die in dem 
oben beschriebenen allgemeinen Schema noch nicht beriicksichtigt sind, so kénnen 
fiir die Signaturen Zwischenstellungen durch Drehung um kleinere Winkel als 45° 
gewahlt werden. 

Nun ist normalerweise in einem Blattbereich die Formationsfolge mehrfach 
unterbrochen, so daB der Winkel der Signaturen von einem hdheren Stockwerk zu 
dem nichst tieferen um 90° oder 180° oder mehr erreichen kann. So sind im Bereich 
des Blattes Miinster folgende Grundwasserstockwerke vorhanden: 


Richtung der Signatur 


Grundwasserleiter der Pleistozans 


pes » des Obercampans 
a » des Untercampans 
und Obersantons 
| » des Turons und Cenomans 


Der Vorteil eines solchen Verfahrens ist offensichtlich, da es ohne Schwierigkeit 
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die Darstellung tiber groBere Gebiete hinweg gestattet und Grundwasserleiter des 
gleichen Alters als zusammengehorig iiber groBere Entfernung hin erkennen 1aBt. 
Ein gewisser Nachteil liegt in der Tatsache, daB gelegentlich — so z.B. an Verwer- 
fungen — ein Grundwasserspiegel in eine andere Formation eintritt, ohne daB der 
lithologische Charakter sich dndert. Das gleiche Grundwasserstockwerk breitet 
sich nach dieser Annahme zu beiden Seiten der Verwerfung aus; trotzdem mu8 
nach dem hier vorgeschlagenen Verfahren die Richtung der Signaturen geandert 
werden. 

Das zuoberst liegende und von keiner Deckschicht iiberlagerte Grundwasser- 
stockwerk wird dadurch hervorgehoben, das die Gesteinssignatur liickenlos ausge- 
zeichnet wird. Bei Uberdeckung durch Oberflachenschichten und bei tieferen Stock- 
werken ist die Signatur leistenfOrmig aufgeldst. Bei Uberlagerung verschiedener 
Stockwerke wird auBerdem die Signatur des tieferen an der des hdheren abgesetzt 
oder — bei voll ausgezeichneter Signatur — abgeschwacht wiedergegeben. 

Soweit mOglich und notwendig ist die Machtigkeit der grundwasserfiihrenden 
Schichten durch Linien gleicher Machtigkeit, die HGhenlage hydrologisch wichtiger 
Grenzflachen durch Isohypsen dargestellt. Grundwassergleichen konnten bisher 
nur Ortlich eingezeichnet werden. 

Zahlreiche Angaben betreffend Lagerungsverhiltnisse, wie sie in Tiefbohrungen 
erkannt wurden, betreffend Bohrungen mit artesischem Auftrieb, Mineralwasser- 
bohrungen, Quellen etc. ergaénzen das Bild. 

Der Begriff der Héffigkeit (water-yield), wie er in der oben erwahnten Karte 
1 : 100 000 des Amtes fiir Bodenforschung in Hannover und in der hydrogeologischen 
Karte 1 : 500000 der Bundesrepublik verstanden worden ist, wurde auch hier zur 
Beurteilung von Grundwasserinhalt der Leiter, der Grundwasserbeweglichkeit und 
der Gewinnungsmoglichkeit benutzt (s. Punkt 1.6 Abschnitt 4). Die HOffigkeit ist 
empirisch nach der Ergiebigkeit von vertikalen Bohrbrunnen iiblicher Bauart bei 
ertraglicher Spiegelabsenkung geschatzt.(*) Dabei kann allerdings die mdégliche 
Grundwassererneuerung nicht immer ausreichend beriicksichtigt werden. Auch 
Schwankungen der HOffigkeit in Abhangigkeit von der Grtlichen Beschaffenheit der 
Grundwasserleiter bleiben gew6hnlich auBer Betracht. Es ist den Bearbeitern klar, 
daB dieses Verfahren noch unbefriedigend ist. Es ist vorgeschlagen worden, stattdessen 
z.B. die Grundwasserspende einzutragen. Diese miiBte natiirlich fiir kleine geolo- 
gische Einheiten bestimmt werden und diirfte nicht nur nach iiblichem Verfahren 
fiir ganze Flu8gebiete angegeben werden. Solche Angaben fehlen uns aber z. Zt. 
noch. Auferdem wird dieses Verfahren nicht allgemein anwendbar sein (z.B. auch 
nicht fiir aride und semiaride Gebiete). 

Folgende Gruppen wurden fiir die HOffigkeit gewahlt — in Anlehnung an die 
hydrogeologische Karte 1 : 500000 : 


violette Farbe der Signaturen =iiber 10 000 m3/Tag 


blaue » » » = 1000—10000 » 

griine » » » = 500— 1000 » (gewinnbare Wassermengen 

gelbe » » » =| » 100— 500%» 

rot/orange » » » = stark wechselnde HOffigkeit (von 100-10.000 m3/ 
Tag). 


Ein gewisses Hilfsmittel zur Beurteilung der Erneuerung ist die Angabe der 
Versickerungsméglichkeit fiir die Niederschlage an jedem Punkt der Karte. Dies 
geschieht durch flachenhafte GrautO6nungen in drei verschiedenen Abstufungen. 


(*) Man vergleiche auch M.V. CuurRINow : « Graphi i i i i 

Vv; IRINOW : phically this estimation is 
CXDIESSED. sisi seececueserseesvee by additional singling out the areas on the basis of the 
adopted gradations of the specific yields of the holes, wells or springs.» (6, S. 65). 
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—— 


Nebenkarten, die auf dem Rand der Hauptkarte in verkleinertem Maf8stab 


angebracht sind, enthalten Angaben iiber die chemische Beschaffenheit des Grund- 
wassers sowie liber die augenblickliche Férderung an Sii®- und Salzwasser. 


(+) 
(?) 


a) 


7) 


(°) 


(8) 
(7) 


(8) 
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THE NEW HYDROGECLOGICAL MAPS 
OF THE WATER SUPPLY ADMINISTRATION 
IN NORTH RHINE WESTPHALIA 


Hans BREDDIN 
Aachen 


1. INTRODUCTION 


Hydrogeological maps are for the benefit of the Water Supply Administration. 
Their purpose is to provide information about the hydrogeological conditions of 
an area for the officials, engineers and technicians who are concerned with water 
supply so that they may have suitable background knowledge and thus be able to 
deal with the many practical questions which constantly arise. In order to achieve 
this object, hydrogeological maps must be clear and capable of quick comprehension 
so that one may understand them readily and without prolonged study. 


Maps thus carefully and efficiently prepared would be of little value to the 
Water Supply Administration if only sample sheets for limited areas were avail- 
able. They must on the contrary be available in their entirety for larger water supply 
areas. The new hydrogeological maps of the Water Supply Administration in North 
Rhine Westphalia (German Federal Republic) are designed to meet these practical 
requirements. The preparation of these maps was commenced in Aachen in 1950 
and since 1959 they have been issued as official map publications by the Ministry 
of Food, Agriculture and Forestry in the State of North Rhine Westphalia. Today, 
forty sheets, produced in the form of sectional profiles to the scale of 1: 25,000 
cover the entire southern part of the basin of the Lower Rhine. Since there are six 
different versions of each sheet (a total of nine is envisaged) we thus have more than 
240 single sheets—all in the form of coloured «blue prints». Three of these sheets 
have already been published. 


2. SECTIONAL PROFILE MAPS AS A MEANS OF INTERPRETING HYDROGEOLOGICAL CON- 
DITIONS 


The focal points of water supply requirements in North Rhine Westphalia 
are in the plain of the Lower Rhine and in the Ruhr Industrial Area on the southern 
edge of the Muenster Basin. These areas were to a large extent surveyed geologically 
between 1900 and 1930. Special geological maps with the scale of 1: 25,000 represent 
only the conditions on the surface and they are in consequence of little value for 
hydrogeological purposes. In the last 30 years, many thousand new borings to 
varying depths have been carried out in connection with mining, water supply, and 
the examination of building sites. Our conception of geological conditions has 
thus penetrated from the surface to very considerable depths. Hydrogeological carto- 
graphy under these changed conditions necessitated a new survey involving special 
principles and a spacial (three dimensional) projection. For this reason the sectional 
profile map was developed in 1938 and it is in fact an entirely new form of geological 
surveying and representation. 

One might assume that sectional profile maps are merely a series of adjoining 
geological profiles. This however is not true. They are spacial projections, con- 
structed according to a particular system and fully coordinated on the basis of the 
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newly developed methods of spacial stratigraphy and tectonics. The constructions: 

1. must be spacially accurate and 

2. must agree with geological conditions in so far as these have been esta- 

blished with the aid of borings and exposures. 

These two prerequisites can often be fulfilled only with difficulty and great 
expense of labour, particularly when the geological conditions are complex, the num- 
ber of borings limited, and the results of boring—as so frequently happens—not 
entirely reliable. 

The sectional profiles in the plain of the Lower Rhine extend for technical and 
projective reasons to varying depths. Three versions are prepared to the scale of 
1: 2,000, which extend to depths of 70, 170 and 370 metres below the surface. The 
arrangement of the sectional profiles in a north-easterly direction is governed by 
the tectonic structure of the Lower Rhine Basin. (The line. of the faults runs in a 
north-westerly direction; that of the inclination of strata in a north-easterly 
direction). 

The unique and practical advantage of the sectional profile is that it enables 
non-geologists, particularly the numerous engineers and technicians concerned 
with Water Supply Administration to form a picture of the earth’s structure which 
is not available in the case of a surface outline map. 


3. THE SURVEYING AND THE PORTRAYAL OF ROCK VARIETIES (LITHOLOGY) 


The old geological maps of 1: 25,000 differentiate in the main only between the 
chief rock varieties (e.g.) gravel, sand, silt, clay and loam. Since this is quite inade- 
quate for hydrological purposes the representation of rock varieties has been greatly 
improved in comparison with traditional geological maps and is based everywhere 
on grain size groups. Only in this way will it be possible to record and represent 
differences in the permeability of the water bearing rocks. 

The first number of the newly published journal «Geologische Mitteilungem» 
carries a report on the standardized representation of rocks on lithological and 
hydrological maps which was carried out in close cooperation with the 1.8.0. 
(International Organisation for Standardization). 


4. THE LITHOLOGICAL AND HYDROLOGICAL VERSION OF THE SECTIONAL PROFILE 


There are two different versions of the sectional profile—the geological and 
the hydrological. Both appear on the same basic drawing but are distinguished by 
different colours. 

The lithological version uses the standar 
sequence gives representation of the geologica 
of strata according to age is of less importance for practic 
recorded in lettered symbols. i 

The hydrological version is designed to a high degree for practical purposes 
in connection with water supply. In consequence only a few primary colours are 
used. Varying degrees of permeability are shown by blue tones. Rocks above the 
ground water level are yellow and those which are impermeable are identified pe 
an orange colour. In this way a scheme is possible which can be understood by the 


water supply expert who has no particular geological qualifications. 


dized colours for rocks and in con- 
1 structure of the area. The sequence 
al purposes and is merely 
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5. THE EXACTNESS OF THE SECTIONAL PROFILES 


More or less accurate details of strata sequence to be expected are given by the 
sectional profiles for almost every point of the area. Since each and every new boring 
could represent a test of accuracy for the sectional profiles it is quite clear that they 
must be prepared with the greatest care. It is naturally however impossible for the 
results of all borings to be identical with the details of the maps. 

The extent to which the representation may be regarded as reliable is indicated 
by the number of borings, the locations of which are projected on the profiles and 
also separately recorded on a special supplementary inset-map. This latter also includes 
an estimate of the expectation of accuracy in three grades: good, medium and slight. 


6. SURFACE OUTLINE REPRESENTATION 


Since the sectional profiles were in great demand by water supply experts and 
since surface outline maps were at first less vitally interesting, production of the 
latter did not begin until 1959. 


The basic outline of such a hydrological map is drawn in black and consists of: 
1. a map of rock varieties exposed at the level of the ground water 
2. a representation of the ground water level in isohypses. 


Water bearing rocks are shown corresponding to permeability in different 
colours: 


sandy gravels in blue 
coarse and medium sand in blue-violet 
medium sand with fine sand in violet 

fine sand with very fine sand in red 


The thickness of the upper water bearing rocks is given by shading these colours: 


O0—10m very light 
10 —20m light 
20 — 30m medium 
30 — 40 m dark 


Thus, in addition to the permeability of the upper water bearing rocks, it is 
possible to indicate further three,even four degrees of their thickness. The character 
and thickness of the lower layers can only be seen from the sectional profiles or, if 
necessary, in an additional map of 1: 100,000. A representation of the total thickness 
of all usable water bearing rocks could be given in supplementary inset-maps with 
a scale of 1: 100,000. In a similar way a map of the distances between the earth’s 
surface and the groundwater level could be produced and also a map of the per- 
meability of the upper soil strata which would provide an impression of the quantity 
of rain and other precipitated moisture seeping through. Some sheets also include 
a maximum and minimum ground water level. Since the hydrogeological maps are 
designed exclusively for the needs of the practising water supply expert they include 
not only geological and hydrological data, but also details about the position of 


water works, wells which are still in use, ground water level measurement points 
and the principle water supply mains. 
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7. HyYDROCHEMICAL MAPS 


Another report by Helmut Dieler deals with the hydrochemical aspect of the 


maps for which eight ordnance-survey maps have been prepared on the basis of a 
large number of analyses. 


The hydrochemical part of the map series consists of a surface outline represen- 
tation and a spacial representation in the form of a sectional profile map which 
shows depths up to 70 metres. A sample sheet of the hydrochemical map (Sheet 
Geilenkirchen) is available in printed form. The rest are only available at the moment 
in the form of coloured ’’blue prints’’. 
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LES CARTES HYDROCHIMIQUES DE LA NOUVELLE 
CARTOGRAPHIE HYDROGEOLOGIQUE DE 
NORDRHEIN-WESTFALEN 


H. DIELER 
Aachen 


La nouvelle cartographie hydrogéologique de Vadministration des eaux de 
Nordrhein-Westfalen (République Fédérale d’Allemagne) est complétée depuis une 
année au moyen de cartes indiquant la qualité des eaux souterraines en plan et profil. 
Actuellement il existe 8 feuilles au 25.000°. On trouve en annexe le premier essai 
d’impression, les autres cartes sont des calques colorés 4 la main. 


1. BASES 


Les bases les plus importantes des cartes, les résultats d’analyses, ont été obtenus 
par des pompages systématiques de tous les puits de contréle du service hydrographi- 
que. Ce réseau d’analyses fut complété par des analyses de l’auteur et par un certain 
nombre d’analyses qu’il a recueilli auprés de l’industrie et des instituts s’occupant 
d’analyses d’eau. 

La seconde tache était de trouver le mode de représentation le plus adéquat. A cet 
effet l’auteur a été chargé par la Commission «des eaux souterraines» de la République 
fédérale de faire une proposition de normalisation des cartes hydrochimiques au 
25.000°, afin que les essais effectués en diverses contrées allemandes concordent 
dans une certaine mesure (4). 


2. LE MODE D’ETABLISSEMENT DES CARTES 


L’idée fondamentale des nouvelles cartes hydrochimiques en plan et en profil 
au 25.000¢ est une construction fondée sur le principe a 3 dimensions. Ce mode d’éta- 
blissement suppose que la situation stratigraphique et tectonique des couches aqui- 
féres ou de couverture est déja plus ou moins exactement connue sous le rapport de 
V’espace. La structure géologique et géométrique du sous-sol des domaines traités 
au point de vue cartographique et hydrochimique était cependant connue par les 
cartes en coupes de H. BREDDIN (1,2) du méme service cartographique (section A). 

Outre les bases lithologiques 4 3 dimensions et les autres bases de nature statique 
qui constituent en quelque sorte l’échafaudage de la construction, la dynamique des 
eaux souterraines joue un trés grande réle. De plus, la représentation doit concorder 
avec les facteurs hydrochimiquement efficaces de la surface du sol et du sous-sol. 

En procédant a l’établissement de la cartographie on avait d’abord préparé une 
carte de travail, sur laquelle on avait marqué les coupes de profil, les courbes isopiézes 
de la nappe, la lithologie des couches aquiféres et tous les facteurs chimiquement 
efficaces surtout les emplacements des puits dont il existe des valeurs chimiques. 

En élaborant les cartes hydrochimiques on a pti corriger en plusieurs cas les cartes 
en coupes en vertu des résultats d’analyses en rapport avec les roches. 
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3. LE PRINCIPE DE REPRESENTATION 


En noir, sont représentées les données scientifiques qui sont la cause de tel ou 
tel comportement de l’eau. En couleur, on ne trouve que les caractéristiques chimiques 
de l’eau. De cette maniére, on peut séparer rigoureusement le cété pratique des bases 
scientifiques qui pour le spécialiste sont d’importance secondaire. 

Sur la carte principale en plan et en coupe la dureté en carbonates est représentée 
au moyen des surfaces colorées, la teneur en fer, manganése et ammoniaque est des- 
sinée par des symboles en couleurs. Deux cartes annexes au 100.000° sont réservées 
pour la représentation de la dureté minérale et de la distribution de la valeur du pH 
en surfaces colorées, les chlorures et sulfates, par contre, sont représentés par des sym- 
boles colorés. Quant aux sulfates, la carte n’est pas encore compléte. Une autre carte 
annexe représente la direction du mouvement des eaux souterraines par des courbes 
isopiézes. Sur les cartes principales on fait ressortir la dureté en carbonate parmi les 
autres constituants figurés au moyen de surfaces colorées parce que, sans parler d’im- 
portance pratique, cette dureté est localement trés différente et cela 4 cause de la 
couverture de loess plus au moins calcaire. 


3.1 Représentation en noir 


Les emplacements dont il existe des résultats d’analyse, p.e. puits domestiques, 
industriels ou publics ainsi que des puits de contréle etc. sont marqués par des symboles 
déja assez connus par d’autres cartes hydrogéologiques. Les valeurs chimiques corres- 
pondantes sont rassemblées dans un cahier d’archive. 

Etant donné que la caractéristique chimique de l’eau dépend dans une large 
mesure de la constitution géochimique des roches et de leur caractéristique hydrauli- 
que, la représentation de la lithologie et de la structure des couches aquiféres ou de 
couverture par des caractéres faisant ressortir le degré et le type de perméabilité, 
trouve sa place sur le fond noir et blanc de la carte. La carte en plan représente la 
lithologie de la couche aquifére par une coupe suivant la nappe d’eau. Les symboles 
lithologiques sont commentés non seulement du point de vue lithologique, mais 
aussi géochimiquement en marge de la carte. De plus, les matériaux chimiquement 
actifs des roches sont représentés d’une facon imagée en noir par des symboles carac- 
téristiques additionels aux symboles des roches. 

La situation stratigraphique, qui n’est pas d’une utilité pratique directe, est 
suffisamment indiquée par des lettres majuscules. 

Les faits hydrochimiquement efficaces dans les couches de couverture sont, au 
point de vue des eaux de percolation, représentés en noir au moyen de limites com- 
prenant les mémes signes en noir ou par des signes rangés en files. 

Parmi ceux-ci il faut mettre le loess calcaire au premier rang dans le domaine du 
NIEDERRHEINISCHE BUCHT (c’est-a-dire la baie du Rhin inférieur). 

Entre la teneur en calcaire du loess et la dureté en carbonate des eaux souterraines 
il existe des relations trés évidentes. Pour cette raison l’étendue de loess calcaire 
est dessinée par des limites qui comprennent les signes caractéristiques du calcaire et 
qui ressortent trés fortement. On doit se rendre compte qu’elles ne peuvent donner 
que des renseignements sur la dureté de l’eau d’origine locale. Mais par le mouvement 
des eaux la dureté peut s’avancer dans des domaines sans couverture de loess calcaire. 
De telles relations apparaissent quand on compare les cartes des courbes isopiézes 
avec la carte principale. 

Entre les faits hydrochimiquement ¢ 
des villages est indiquée sur les cartes en 
foréts ou de tourbe sont circonscrits par 
topographiques. 


fficaces a la surface de la terre, 1’étendue 
plan par leur périmétre, les domaines des 
des symboles assez bien connus des cartes 


Og 


3.2. Représentation en couleur 


Chaque élément chimique de l’eau est représenté par une couleur déterminée 
ou par un nuance de couleur, la dureté p.e. par une gamme de teintes allant du jaune 
usqu’au brun. Chaque nuance comporte 4° all. a 

Sur la carte principale et sur le croquis en annexe vous trouvez aussi la repré- 
sentation de la dureté d’une nappe peu importante au niveau supérieur de la nappe 
principale par des hachures colorées interrompues. On ne peut pas s’attendre a 
trouver suffisamment d’eau pour le pompage. La dureté totale, sans intérét pratique 
direct pour les usagers techniciens, n’est pas représentée. 

Le fond coloré ne pouvant représenter qu’un seul constituant chimique, ici la 
dureté et la valeur pH, les autres sont désignés par des signes en couleur et de formes 
différentes. De cette maniére on a pu représenter plusieurs constituants chimiques 
associés. Les teneurs différentes d’un constituant sont indiquées par des signes de 
dimensions variables et par un certain nombre de signes juxtaposés. Ils sont répartis 
réguli¢rement sur les domaines correspondants de la carte. 

De plus, les différents types d’eau sont séparés les uns des autres par des lignes 
en couleur. De cette facon, les vallées 4 haut niveau d’eau, dans lesquelles domine 
le type Fer-Manganése, sont bien séparées du point de vue de la topographie des 
plateaux. Les eaux pauvres en oxygene p.e. a cause d’une couverture d’argile, mais 
de méme type sont, par contre, soulignées d’un contour en rouge. Sur des autres car- 
tes vous trouvez pour les types carbonatés, le jaune, pour les pauvres en alcalis, le 
violet, pour les salines, le vert ou le bleu. 


4. COTATION 


Une cotation en chiffres bruns, c’est-a-dire une note chiffrée sur la base d’une 
échelle de valeur logarithmique, facilite l’emploi pratique de l’eau. Ces indications 
peuvent étre utilisées de fagon pratique par les usagers spécialistes.On a,en s’inspirant 
des classifications de NOTHLICH (®), dix chiffres. 

Le nombre 10 indique que la quantité de constituants chimiques est si faible que 
Veau peut étre utilisée directement sans préparation. La valeur des nombres décroit 
avec la qualité. Entre 9 et 8 la préparation de l’eau n’est nécessaire que dans des 
emplois bien déterminés, au contraire entre 8 et 5 elle est indispensable dans la plupart 
des cas. Au-dessous de 5 la préparation de |’eau n’est pas toujours rentable. 

De plus, la carte ci-jointe indique que le fleuve est chargé par de grande quan- 
stité de chlorure provenant des eaux de mines et par des eaux résiduelles des agglo- 
mérations et de I’industrie. 
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PRESENTATION DE CARTES HYDROCHIMIQUES 
DU MAROC 


J. MARGAT (Maroc) 


INTRODUCTION 


Le progrés des connaissances rend 1’établissement de cartes hydrogéologiques 
de plus en plus complexe du fait de la multiplication des données cartographiables 
relatives aux eaux souterraines. La grande diversité de ces données (géologiques, hy- 
drauliques ou chimiques, quantitatives ou qualitatives, statiques ou dynamiques) 
ne permet pas de résoudre toutes les difficultés en accroissant V’échelle des cartes 
et conduira a établir des cartes spécialisées, notamment a des échelles permettant de 
couvrir un pays entier. C’est le cas en particulier des caractéres chimiques des eaux 
souterraines. 

\ L’importance de leur connaissance est évidente dans les pays de la zone aride 
ou l’on sait que les eaux a concentration élevée abondent. La représentation de ces 
caractéristiques est done l’un des principaux objectifs des cartes hydrogéologiques 
a établir dans ces pays : c’est le cas au Maroc ou il a paru utile de dresser, a coté de 
cartes région.les hydrogéologiques proprement dites, des cartes exclusivement hydro- 
chimiques pour l’ensemble du pays. 

Ce travail a été rendu possible par l’importante documentation réunie par le 
Centre des Etudes Hydrogéologiques du Maroc depuis 20 ans. Plus de 10.000 analyses 
d’eau souterraine de toutes les régions du pays ont été utilisées pour |’établissement de 
ces cartes, ainsi que de nombreuses cartes hydrochimiques régionales, représentant 
les caractéres chimiques des eaux des nappes phréatiques des principaux bassins aux 
échelles du 1/100.000, du 1/50.000 ou du 1/20.000. 

L’échelle commune du 1/2.000.000 choisie pour les cartes présentées ici en raison 
du caractére provisoire de ces synthéses, a paru suffisante dans |’état actuel des con- 
naissances et de nature a faciliter des confrontations avec des cartes a petite échelle 
d’autres pays. C’est en outre |’échelle adoptée pour l’atlas du Maroc publié par le 
Comité de Géographie de ce pays. 


* 
* * 


Il ne saurait étre question de dresser ici méme sommairement un bilan des con- 
naissances acquises sur la géochimie des eaux souterraines au Maroc a propos de la 
présentation de ces cartes, qui ne sont que la synthése de faits statiques. On se bornera 
donc a souligner les faits esssentiels mis en évidence. 

Deux cartes hydrochimiques principales ont été dressées : une carte des concentra- 
tions et une carte des facies, c’est a dire des compositions chimiques. Elles sont com- 
plétées par trois cartes annexes destinées a étre publiées réduites. 


1. CARTE DES CONCENTRATIONS DES EAUX SOUTERRAINES 


Représentation de la concentration totale (résidu sec 4 180° exprimé en grammes/ 
litre) des eaux des nappes phréatiques étendues, par courbes isocones, de 1 et 2 g/l 
séparant donc trois zones de concentration dont deux sont colorées. Les valeurs de 
1 et 2g/I ont été choisies parce qu’elles séparent les eaux douces et les eaux salées 
dans le sens courant de ces termes, surtout du point de vue de V’alimentation humaine. 
Il n’a pas paru utile de représenter 4 cette échelle des zones de concentration supé- 
rieure, beaucoup moins étendues. 

Un fond hydrogéologique structural sert de support. Les limites des provinces 
hydrogéologiques et des bassins versants hydrographiques, les régions dépourvues de 
niveau aquifére étendu et enfin les zones d’affleurement du Permo-Trias, principal 
terrain salifére du Maroc, sont représentées, ainsi que les principaux cours d’eau salée 
superficiels qui font en outre l’objet d’une carte spéciale. 
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La carte fait clairement ressortir la répartition géographique des eaux salées qui 
forment une sorte d’anneau périphérique le long des cétes et des frontiéres orientales 
et méridionales du pays. 

Cette répartition met en évidence la diversité des facteurs de concentration des 
eaux. Ceux-ci sont nombreux et la répartition des terrains saliféres qui n’a que peu 
de rapports avec celle des eaux salées, montre que ce n’est pas le facteur direct le plus 
important. 

La concentration est en effet surtout fonction des conditions hydrologiques 
locales qui déterminent le temps de contact entre l’eau et le terrain. Les conditions 
géologiques (structure des bassins, perméabilité des terrains), géographiques (état 
du drainage superficiel, voisinage de la mer), hydroclimatiques (degré du déficit du 
bilan hydraulique, valeur de l’évaporation potentielle), et hydrogéologiques (mode 
d’alimentation, gradient et vitesse d’écoulement des nappes) concourent en se com- 
binant de multiples maniéres, a créer des situations favorables a la concentration 
des eaux. L’intervention humaine enfin est un facteur second, mais parfois déterminant, 
par la pratique de irrigation sans drainage, l’utilisation d’eaux salées, la surexploi- 
tation des nappes dans les zones cétiéres. Mais le facteur le plus important est en der- 
niére analyse |’aridité du climat : les 2/3 du Maroc appartiennent a la zone aride 
(indice de Thornthwaite inférieur 4 —40). 

Quelles sont les valeur maxima des concentrations observées? Jamais plus de 
10 g/l sur de grandes étendues, mais localement : 

— 10 g/l dans les plaines mal drainées du Nord (Rharb, Gareb) 

— 35 — dans les zones cétiéres (= eau de mer) 

— 70 — dans les régions pré-sahariennes du Sud 

— 90 — dans certains bassins fermés du centre (Bahira) 

— plus de 300 g/l dans le Rif (source au J. Tissa). 


2. CARTE DES FACIES DES EAUX SOUTERRAINES 


On a représenté ici l’extension des trois facies chimiques principaux des eaux 
souterraines, définis par le cation et l’anion prédominants, exprimés en équivalents 
par des couleurs différentes. (Il s’agit seulement des eaux des nappes phréatiques 
et des points d’eau isolés des régions sans niveaux aquiféres étendus) : 

Le facies bicarbonaté calcique ou magnésien qui prédomine dans la plus grande 
partie au Maroc (chaines, plateaux et plaines du Maroc atlasique, et chaine anti-atlasi- 
que, formés principalement de calcaires et de grés). La concentration des eaux de 
ce facies est toujours inférieure a 1 g/l. 

Le facies sulfaté calcique (eaux séléniteuses) qui caractérise exclusivement les 
eaux des terrains gypsiféres, c’est-a-dire la majorité des terrains lagunaires et conti- 
nentaux (sauf le Quaternaire et le Permo-Trias). Il est répandu surtout dans le Maroc 
oriental (bassins de sédimentation continentale néogéne) et certains bassins du Maroc 
occidental 4 Jurassique supérieur lagunaire. 

Le facies chloruré sodique qui prédomine presque partout ot la concentration 
des eaux est supérieure a 1 g/l et est méme répandu dans certaines régions ow les 
eaux sont plus douces (eaux de schistes et de grés dans les massifs anciens du Maroc 
occidental). La concentration limitant les facies bicarbonaté calcique et chloruré 
sodique varie suivant les régions entre 1 et 0,3 g/l. Ce facies caractérise la majeure 
partie des eaux des terrains sédimentaires marins, ainsi que celles du Permo-Trias 
et du Quaternaire. 

Certains facies mixtes, termes de passage entre les eaux bicarbonatées calciques 
et chlorurées sodiques (bicarbonaté sodique ou chloruré calcique) ont trés peu d’ex- 
tension au Maroc ow la concentration s’accroit rapidement. Aussi il n’a pas paru 
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utile de les représenter sur cette carte. Mais leur représentation serait nécessaire sur 
des cartes a plus grande échelle. Il en est de méme pour des facies moins normaux 
relativement rares (bicarbonaté ou sulfaté alcalin). 


3. CARTES COMPLEMENTAIRES 


La premiére représente la répartition des eaux des nappes captives dont la con- 
centration est supérieure a 2 g/l. Leur extension, connue ou hypothétique, est trés 
inférieure a celle des eaux salées des nappes phréatiques. II s’agit essentiellement 
d’eaux des terrains a la fois plus ou moins perméables et saliféres ou — le plus 
souvent — gypsiféres : Jurassique supérieur lagunaire (Maroc occidental), Crétacé 
inférieur et Infra~-Cénomanien (bassins du Maroc atlasique), Bathonien (bassin de 
Moyenne Moulouya), Miocéne (bordure S. du Rif et Maroc oriental), Pliocéne 
(Souss, Rharb). 

Ces eaux dépassent trés rarement 10 g/l, sauf localement s’il s’agit d’eaux connées 
en relation avec des gisements d’hydrocarbures (130 g/l dans le Pré-Rif, 434 g/l 
dans le bassin de Mogador). 

La seconde représente la répartition des cours d’eau salée superficiels. 

Il n’existe pas au Maroc de cours d’eau salée permanents, sauf de rares exceptions, 
trés localisées (6missaires de source salée). On distinguera dans ce pays deux types 
d’oueds (1) salés : 

a) des cours d’eau permanents (ou quasi-permanents) 4 salure saisonniére 
d’étiage prolongée; ce sont ceux dont les bassins versants s’étendent sur des terrains 
saliféres affleurant largement, 

b) des cours d’eau non permanents 4 bréve salure saisonniére en début et en 
fin de crue, fréquents dans la zone aride (bassins du versant saharien et de la Moulouya) 

Ce sont les premiers seuls qui ont été cartographiés (au nombre d’une centaine). 
Leur salure dépasse en étiage 1,5 a 2 g/l. Leur répartition, contrairement 4 celle des 
eaux salées souterraines, est trés proche de celle des terrains saliféres, surtout du 
Permo-Trias. 

On a enfin tenté d’esquisser la carte des domaines respectifs d’application des 
trois processus essentiels de concentration des eaux souterraines : 

a) \’intrusion d’eau de mer, phénoméne bien défini, est localisé 4 une étroite 
zone cétiére, sauf en quelques bassins ouverts sur la mer, ou des intrusions profondes 
sont probables : Rharb, Souss, Gareb. Il est loin d’étre généralisé a toutes les cdtes 
du Maroc; : 

b) la dissolution est le processus prédominant dans tout le domaine atlasique 
occidental, en particulier dans la Meseta, et dans toutes les nappes profondes et 
captives, ; 

c) l’évaporation est partout un facteur indirect, mais son réle devient prédo- 
minant dans la zone aride. En outre, son action est directe dans le cas des nappes 
phréatiques peu profondes (—2 a 5m) et mal drainées des plaines des régions 
présahariennes et de certains bassins fermés. : 

On a représenté seulement sur cette carte les processus prépondérants de chaque 
zone ow la concentration dépasse 1 g/l. Il est bien évident que les phénoménes sont 
moins tranchés dans la réalité et que la dissolution et l’évaporation se combinent 
étroitement en de nombreux cas. Mais il a paru utile de mettre l’accent sur le processus 


apparaissant en derniére analyse comme le plus important dans chaque région. 


(4) Cours d’eau (en arabe), a régime trés irrégulier, généralement non permanent, 
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Cette carte souligne ainsi le réle fondamental de l’aridité dans la concentration des 
eaux souterraines. : 


On projette au Maroc d’établir dans un proche avenir une carte hydrochimique 
plus détaillée, 4 l’échelle du 1/500.000 (en 6 feuilles). La concentration et le facies des 
eaux souterraines (nappes phréatiques et, dans certains cas, nappes captives) seront 
représentés simultanément. Une couleur sera affectée a chaque facies défini par 
l’anion prédominant (bleu pour les eaux bicarbonatées, jaune pour les eaux sulfatées, 
vert pour les eaux chlorurées), des variations de teintes pouvant différencier les cations 
prédominants (par exemple jaune franc pour les eaux sulfatées calciques, jaune-orange 
pour les eaux sulfatées sodiques; bleu-azur pour les eaux bicarbonatées calciques et 
magnésiennes et bleu-indigo pour les eaux bicarbonatées sodiques), enfin la nuance 
indiquant, par une gamme du clair au foncé, la concentration. Les caractéres des 
eaux des nappes captives seront représentés par des points colorés, lorsque cela sera 
possible. 

En conclusion on exprimera le souhait qu’une définition commune simple des 
facies chimiques des eaux et un mode commun de représentation des facies et des 
concentrations puissent étre adoptés sur le plan international. 
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NAPPE PHREATIQUE 
DE LA PLAINE DE BERRECHID 


LOUIS MOULLARD et RAYMOND HAZAN 


RESUME 


Chapitre I 


Apercu géographique et géologique : un seul niveau aqui i = 
: 4 I : quifére, le Pliocéne gréseux 
transgressif sur des formations imperméables du Crétacé, du Trias et du Pre 


Ree isopiézométrique, superficie de la plaine, latitude, altitude, température, 


Chapitre II 


A. Etude qualitative des eaux souterraines 

_ Interprétation de plus de 2.500 analyses chimiques complétes a l’aide des 
diagrammes en losange qui permettent de déterminer la nature des terrains dans 
lesquels circulent les eaux souterraines. 


B. Etude quantitative 

— Géophysique : 282 sondages électriques ont indiqué la topographie du 
Substratum, done la puissance de la nappe et le volume des terrains aquiféres. 
Résultats et critiques. 

— Sondages mécaniques : 29 forages de 8, 10 ou 12” montrant l’existence de 
remplissage alluvionnaire trés perméable dans des vallées fossiles du Pliocéne ancien. 
Résultats et critiques. 

— Essais de pompage : permettent de calculer les coefficients de transmissivité 
et d’emmagasinement. Calcul de la réserve de la nappe. 

— Contréle de l’évolution du niveau hydrostatique : mesures mensuelles portant 
sur trois ans dans 80 puits témoins donnent une bonne approximation de l’apport 
moyen : 66 millions de m? qui assurent une recharge dans le cas d’une mise en 
exploitation. 


Chapitre II 


Aspect économique et financier. 


CHAPITRE I 


La région qui a fait, au Maroc, l’objet de cette étude est inclue dans la Meseta 
cétiére. C’est un glacis 4 faible pente d’une superficie de 1.500 km? qui raccorde 
le Sahel cétier, immédiatement au Sud de Casablanca, au plateau des Phosphates 
(cf. plan de situation n° if): 

L’altitude moyenne y varie d’une fagon réguliére du Sud vers le Nord de 250 a 140. 

Le climat, directement influencé par la proximité de l’Océan, est modéré 
atlantique. La pluviométrie moyenne s’éléve en effet a 368 mm avec une période 
pluvieuse d’octobre 4 mars; par contre les mois de mai, juin, juillet et aout sont 
secs; sur 25 années d’observation, la moyenne des précipitations en juillet et aout 
est nulle. : ; 

Par ailleurs, la température présente de forts écarts entre I’hiver et 1’été : 

— moyenne des maxima : 26°6 — maximum extréme : 48°8 

— moyenne des minima : 96 — minimum extréme : sey) 

— moyenne des maxima du mois le plus chaud : 33°4 

— moyenne des minima du mois le plus froid : 4°1 
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Du fait de la configuration structurale et topographique de la Plaine, le réseau 
hydrographique est endoréique; les différents Oueds qui drainent ce versant du 
Plateau des Phosphates voient leurs vallées s’élargir et disparaitre au bout de quelques 
kilometres. ~ 
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La population est essentiellement agricole mais, mis a part quelques groupe- 
ments autour de Médiouna et de Berrechid, seules les céréales sont cultivées; la 
chaleur et la sécheresse de 1’été condamnent en effet, sauf en cas d’irrigation coutes 
les cultures maraichéres ou fourragéres. Un apport d’eau augmenterait pense 
blement les possibilités de cette région valorisée par la proximité de Casablanca. 


106 


Au Point de vue structural, la Plaine se présente comme une fosse de subsidence 
trés ancienne dans laquelle se sont déposés, sur le Primaire, les formations du Trias, 
du Creétace, du Pliocéne et du Quaternaire. Elle est limitée au Nord et au Sud par 
des accidents tectoniques dont les derniéres manifestations sont probablement post- 
villafranchiennes. 

Au Nord et a l’Ouest, elle est limitée par des formations primaires, au relief 
atténué, de la Meseta; schistes et quartzites de l’Acadien, schistes de V’Ordovicien, 
du Gothlandien et du Dévonien. Cet ensemble représente prés de 2.000 m d’épais- 
seur de terrains pratiquement imperméables. 

Au Sud, ce sont les argiles rouges du Trias et de l’Infra-Crétacé puis les calcaires 
marneux du Crétacé moyen qui forment les premiers contreforts du Plateau de Settat. 

Le comblement récent est constitué par des calcaires gréseux dunaires ou marins 
du Pliocéne et du Villafranchien recouverts par une vingtaine de métres de limons 
quaternaires. 

L’ensemble affecte la forme d’une cuvette synclinale 4 grand rayon de courbure 
qui représente un bassin pratiquement fermé aussi bien pour les eaux superficielles, 
que souterraines. Dans ce bassin, s’est établie une nappe phréatique continue qui 
ne sera évidemment exploitable a gros débit que lorsqu’elle circulera dans des terrains 
perméables. Il était donc essentiel de déterminer d’une maniére rigoureuse les limites 
d’extension du Pliocéne aquifére, seul niveau dont la nature lithologique permettait 
la création d’un réseau aquifére. 

La reconnaissance préliminaire a été réalisée grace a la présence de presque 
2.500 puits traditionnels qui ont permis de tracer une carte isopiésométrique. C’est 
ainsi que l’on a pu constater que la profondeur du niveau hydrostatique variait 
assez réguligrement du Sud vers le Nord en décroissant de 50 4 12 m. Le sens d’écou- 
lement de la nappe n’est pas uniforme : dirigé vers le Centre de la Plaine sur les 
zones de bordure du Sud et de 1’Ouest, il redevient perpendiculaire 4 la céte au Nord 
de la Plaine. L’utilité essentielle de cette carte a d’ailleurs été, par la suite, de nous 
permettre de connaitre l’épaisseur de la nappe par superposition avec la carte du 
Substratum considéré comme imperméable. 


CHAPITRE I 


1. ETUDE QUALITATIVE DES EAUX SOUTERRAINES 


Elle est essentiellement basée sur la recherche des caractéristiques des eaux 
effectuée grace a 1.500 analyses chimiques environ. Les dosages ont porté sur les 
ions Ca, Mg, Na, SO4, NO3, et sur les résidus secs a 180°. Il est en effet généralement 
admis qu’il est nuisible de mettre a la disposition des usagers des eaux contenant un 
résidu sec supérieur a 3 gr/I. Cette limite n’est en fait qu’une limite de principe et 
peut, dans certains cas, étre assez largement dépassée. 


1.1. Carte des salures (cf. carte n° 2) ‘ 
Nous savons que, de l|’Ouest vers le centre de la Plaine, la nappe circule dans 


les schistes Primaires, puis dans les argiles gypsiféres du Trias et de I’'Infracénomanien, 
puis dans les calcaires marneux du Cénomanien et enfin dans les grés du Elioeens; 
ces mémes terrains se retrouvent dans l’ordre inverse, sauf le Primaire, vers Oued 
Mellah. 

En premiére approximation les résidus 
blable; les zones de fortes salures, dépass 


secs se répartissent d’une maniére sem- 
ant 4 gr/l, se trouvent sur les bordures 
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Ouest et Est de la Plaine; par contre les teneurs les plus faibles sont localisées au 
Sud et au centre. On peut donc admettre que le Trias et 1’Infracénomanien corres- 
pondent aux eaux salées et le Pliocéme aux eaux les plus douces quelles que soient 
les distances parcourues. En fait, on observe une légeresaugmentation continue des 
teneurs de l’amont vers l’aval pour les eaux douces qui passent de 700 a 1.500 mg/l. 
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Dans le sens d’une méme ligne de courant, des bordures vers le centre de la 
Plaine, on constate trés généralement une diminution des salures; ce qui est une 
preuve de la faible valeur de l’écoulement. Ce phénoméne est également trés net 
au. Nord de Médiouna ou les teneurs en résidus secs passent en quelques centaines 
de métres de 4.500 mg/l a 250 mg/l du Trias au Primaire. 

Malgré son allure assez complexe, cette carte des salures nous permet cependant 
de savoir que : 


— les zones salées correspondent a des terrains trés peu perméables dont |’in- 
fluence ne se fait pratiquement pas sentir a L’aval. 


a — la valeur de I’écoulement de la nappe au Nord de Médiouna est pratiquement 
ulle. 
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— l’essentiel de l’alimentation est représenté par l’infiltration massive des eaux 
de crues des Oueds en provenance du Plateau des Phosphates, au Sud de la Plaine, 
a travers les affleurements des grés du Pliocéne. 


1.2. Classification des eaux 

Ce stade de l’étude générale représente une méthode d’investigation particu- 
ligrement originale car, grace aux analyses chimiques, il a été possible de déterminer, 
a peu de frais et avec une excellente précision, la nature des terrains dans lesquels 
circulait la nappe phréatique. Il était en effet inutile de pousser plus loin les recherches 
par des moyens onéreux, géophysique et sondages, dans des régions ou l’on savait 
ne trouver que des terrains peu perméables. 

Les schistes et quartzites du Primaire généralement pauvres en ions, CO3 et Ca, 
les argiles du Trias et de l’Infracénomanien riches en ions SO4, Cl et Na, les calcaires 
marneux du Crétacé riches en CO3, SO4, Ca et Na et les grés du Pliocéne essen- 
tiellement calcaires doivent donner aux eaux qu’ils contiennent des caractéres bien 
définis et nettement différenciés. Cette classification type faite il suffira de connaitre 
les caractéres chimiques d’une eau pour définir la nature des terrains qu’elle a tra- 
versés. Par suite, un nombre suffisamment grand d’analyses doit permettre de tracer 
les contours du Primaire, du Trias, du Crétacé et du Pliocéne au niveau de la nappe 
phréatique; on obtiendra ainsi les limites des régions ou des pompages 4 gros débit 
seront possibles. 

Par définition, nous devons nous trouver en présence de 4 familles bien dis- 
tinctes : 


— famille du Primaire, 

— famille du Trias et de l’Infracénomanien, 
— famille du Cénomanien, 

— famille du Pliocéne. 


Il existera évidemment des zones de mélange, soit que l’on se trouve prés de la 
ligne de contact de deux facies, soit que I’épaisseur de l’un d’entre eux soit trop 
faible pour masquer |’influence des terrains sous-jacents. 

La méthode de classification adoptée est basée sur le report de points figuratifs 
des eaux sur des diagrammes en losange. 

Chaque point sera déterminé par ses coordonnées CE et CF reportées sur les 
cétés CB et CD d’un losange ABCD divisés en 10 parties égales en prenant : 


Ca Mg CO? total 
—_— + — 
2” 30 
RES f= x 100 
eS ee Ne ie COP EO, a NO? 
50 12 onal 30 1390 S55 | | 62 


Les différentes familles seront différenciées par des groupements de points sur 
le diagramme; on peut cependant remarquer que les eaux du Primaire trés hétéro- 
genes, ne possédent pas d’emplacement bien défini; ce sont en effet tantot des eaux 
trés douces (quartzites 4 250 mg/l) pour lesquelles les pourcentages n’ont plus de 
signification, tant6t des eaux circulant dans des schistes ou elles peuvent s’enrichir 
aussi bien en Cl en Na qu’exceptionnellement en CO? et Ca. 

Pour définir la position de chaque groupement sur les diagrammes nous avons 
choisi des eaux dont nous connaissions l’origine exacte. 

Il a été ainsi possible de déterminer trois zones correspondant aux eaux du 
Pliocéne, du Cénomanien et du Trias-Infracénomanien; les eaux du Primaire sont 


exclues de la classification. 


109 


Il a ensuite suffi de reporter, sur un fond topographique, les indications d’étage 
fournies pour tous les points d’eau pour obtenir une-véritable carte géologique des 
terrains situés sous la couverture des limons. 


— Pour les eaux du Pliocéne : 48<CE<6l1 et 14=CF<23 
— Pour les eaux du Cénomanien : CE< 48 et CR <= 12 
— Pour les eaux du Trias : CE<70 et CF<12 


A titre d’exemple, on peut choisir une série d’analyses réparties sur deux profils 
approximativement Nord-Sud suivant deux lignes de courant de la nappe. 


PROFIL 1 (cf. piéce n° 3) 


Ne d’ordre CE | CF | ain ated | Etage 
mg/l 
1 53,5 a2 830 | Pliocéne + Crétacé 
D SoD 23 1.320 Pliocéne 
3 59,2 39 490 Pliocéne + Crétacé 
4 62 37,8 850 Pliocene + Crétacé 
5 59 15,6 830 Pliocéne + Trias 
6 48,8 21,5 854 Pliocéne 
7 ies 32,4 918 Pliocene + Crétacé 
8 50 B12 946 | Pliocéne + Crétacé 
9 49,5 30,5 1.024 Pliocéne + Crétacé 
10 62 34,8 755 Pliocéne + Crétacé 
11 64 38hi/ 845 Pliocéne + Crétacé 
12 62,5 29,4 822 Pliocéne + Crétacé 
13 55,5 19,7 1.440 Pliocéne 
14 Sian 24,8 1.090 : Pliocéne 
TS DS) 19,5 1.310 Pliocene 
16 53,5 20,4 1.350 | Pliocéne 
17 58 22,6 1.280 Pliocéne 
18 55 17,8 1.490 | Pliocéne 
19 36,8 14,3 2.200 Pliocéne + Trias 
20 5353 22 1.100 Pliocéne 
21 56,8 255 | 2.300 | Pliocéne + Trias 
22 55,8 6,5 } 3.560 Trias 
23 57 19,8 1.907 Pliocéne 
24 42,4 PHAN 2.110 Crétacé 
25 48 14,5 1.920 Pliocéne + Trias 
26 56 14,1 ZehlS | Pliocéne + Trias 
27 ay} 13h 2.940 | Pliocéne + Trias 
28 46 2 } 4.860 Trias 
29 50 LOST cal 4.030 Trias 
30 255 9,3 4.480 Trias 
aul 43,7 Oe 4.930 | Trias 
32 42 Tlaea! 4.680 | Trias 
33 42,3 8 4.100 | Trias 
34 41,7 7,6 4.660 Trias 
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L’examen de ces chiffres entraine un certain nombre de commentaires : 

mm sauf dans la partie Nord du profil, le Pliocéne recouvre partout les formations 
antérieures mais son épaisseur est variable, car souvent l’influence des terrains sous- 
jacents est sensible. 

— les caractéres chimiques ne semblent pas se transmettre de l’amont vers 
Laval; ils paraissent dus essentiellement a la nature des niveaux dans lesquels se 
trouve la nappe. 

— dans le Pliocéne, les teneurs en résidu sec augmentent légérement de l’amont 
vers l’aval; ils passent en effet de 850 mg/l a 1.900 mg/l. 

4 c? les eaux du Trias peuvent atteindre des salures importantes de l’ordre de 
gr/l. 


PROFIL 2 
Ned’ordre] N°LR.E.| CE j CF | Résidu sec Etage 
| mg/1 
1 919/28 5155 17. 2.660 Pliocéne 
p2 910/28 49 13 2.160 Pliocéne 
3 940/28 46 19 1.460 Pliocéne — Trias 
4 937/28 38 24,5 1.358 Trias — Crétacé 
5 934/28 40 13,5 1.804 Trias — Pliocéne 
6 951/28 40 1252 1.620 Trias — Pliocéne 
7 2.733/20 45 on 1.500 Pliocéne — Trias 
8 1.803/20 49 15 1.550 Pliocéne 
9 1.829/20 42 12 1.900 Trias 
10 1.307/20 30 10,5 2.160 Trias — Pliocéne 
11 1.516/20 25,5 8 2.620 Trias 
12 | 2.719/20 30,5 8,5 2.430 | Trias 
13 2.831/20 42 12,3 1.580 Trias — Pliocéne 
14 2.838/20 30 11 1.718 Trias 
15 1.640/20 43 12,5 1.830 Trias — Pliocéne 
16 1.641/20 42 14,5 1.825 Trias — Pliocéne 
17 1.642/20 46 14,2 1.675 Pliocéne — Trias 
18 | 1.643/20 38,5 PAS 1.720 Trias — Pliocéne 
19 1.635/20 49 16 2.000 Pliocéne — Trias 
20 222/20 36,5 33 1.670 Crétacé 
21 1.576/20 63 38 615 | Crétacé 


eee eS Se 


Ce profil suit, du Sud au Nord, la limite Est des niveaux du Pliocéne. Presque 
rgiles bariolées, soit dans une mince couver- 


tous les puits sont creusés soit dans les a 
t partout, l’influence du Trias est sensible. 


ture de calcaires gréseux et, pratiquemen 


Cette méthode d’interprétation permet done non seulement de connaitre la 
nature des terrains aquiféres mais également d’obtenir une premiére évaluation de 
leur épaisseur (cf. piéce n° 4). 

La précision des renseignemen 


directement 4 la mise en exploitation. ; 
Mais nous sommes, dés maintenant, assurés que le Pliocéne forme un ensemble 


important qui s’étend surtout 4 Est de la route de Settat a Bouskoura. Les zones 


ts obtenus reste cependant insuffisante pour passer 
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de faible puissance des calcaires gréseux, qui correspondent aux zones de mélange 
sont mailheureusement assez fréquentes. ; 

Dans cette région, réduite 4 environ la moitié de la superficie totale de la plaine, 
il a alors été décidé de poursuivre les travaux de reconnaissance par sondages méca- 
niques et sondages électriques qui ont représenté le deuxiéme stade des études et ont 
permis de déterminer exactement les caractéristiques de la nappe phréatique : 
volume, transmissivité et coefficient d’emmagasinement. 
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2, ETUDE QUANTITATIVE 


ee rationnelle et systématique de cette nappe ne pouvait commencer 
que lorsque toutes les caractéristiques hydrauliques des t. i if i 
errain 
ype q s aquiféres auraient 
Les travaux ont débuté en 1957 par une campagne de sondages électriques 
pene la Presque totalité de la Plaine a l’exception de la région située 4 l’Ouest 
ou “ teneurs en résidu sec ne permettaient pas une utilisation des eaux souterraines. 
ae nena simultanément, une premiére série de sondages de reconnaissance, 
mplantée d’aprés les données de l’étude chimique de la nappe, a été exécutée. En plus 
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des renseignements fournis, ces fora i i i i 
eee, Talphysous ges ont permis une interprétation rigoureuse 
Une deuxiéme série de forages a alors été implantée dans les zones qui apparais- 
sent comme étant les plus intéressantes et a fait l’objet d’essais de débit effectués 
avec un groupe susceptible de fournir 50 1/s. 
Le stade des études était alors suffisamment avancé pour que 1’on puisse pro- 
poser, en toute rigueur, un programme d’exploitation. 
Depuis le début de ces travaux, soit depuis 1956, un réseau de puits témoins 
a d’autre part permis la surveillance des fluctuations annuelles du niveau hydro- 
statique et de calculer les valeurs des apports moyens a la nappe phréatique. 


2.1. Géophysique 

Les premiéres observations nous avaient indiqué l’intérét primordial de préciser 
la topographie du Substratum imperméable de fagon a déterminer les régions ou le 
Pliocéne présentait le maximum de puissance. 

Il a alors été demandé a la Compagnie de Prospection Géophysique Nord- 
Africaine d’exécuter une série de 300 sondages électriques répartis sur six profils 
Est-Ouest et six autres Sud-Nord, de facon a former un quadrillage de cing kilométres 
environ de cété. Sur chaque profil, les sondages étaient espacés d’un kilométre et 
leur profondeur d’investigation devait étre de l’ordre de 60 m. Le but recherché 
était donc de déterminer : le toit des grés pliocénes — le toit du Substratum imper- 
méable. 


2.1.1. Méthode 

En chaque point choisi, la méthode adoptée a été celle d’une électrode unique 
de courant, les électrodes de potentiel étant mobiles. La ligne électrique avait un 
kilométre de long et les lectures du potentiel étaient effectuées dans deux directions 
en partant de chaque électrode de courant; ces lectures servaient de base a la construc- 
tion de deux courbes de sondages électriques. Les observations terminées aux deux 
extrémités de la ligne, le cable était transporté un kilometre plus loin le long du profil. 
La moyenne de l’avancement était d’environ six kilométres par jour. 

Les observations effectuées sur le terrain étaient converties chaque jour en une 
série de 17 valeurs de résistivité apparente et ceci pour chaque série d’observations 
A raison de deux séries par sondage. Les valeurs moyennes des résistivités étaient alors 
calculées puis reportées sur des diagrammes semi-logarithmiques en portant les 
valeurs des résistivités en abscisse et les profondeurs en ordonnées. Les courbes ainsi 
obtenues étaient groupées par profils correspondant aux profils réalisés sur le terrain. 


2.1.2. Interprétation (cf. piéce n° 5) ; 
Au moment ow cette étude a débuté, nous possédions peu de renseignements 


précis sur les épaisseurs des différents niveaux qu’il fallait déterminer. 

Mais, dés la fin des travaux sur le terrain, une premiére série de forages de 
reconnaissance a commencé sur les indications de la compagnie de Prospection 
Géophysique. L’interprétation définitive a pu alors étre basée sur des renseignements 
géologiques précis permettant d’établir une corrélation avec les courbes de résistivite. 

Dans l’ensemble, le toit du Pliocéne peut étre considéré comme assez bien défini 
pour la presque totalité de la Plaine; mais il est apparu que la surface de contact 
du Pliocéne et du Substratum ne pouvait étre déterminée avec autant de précision. 
Nous verrons cependant que la deuxieme série de forages, implantés suivant ces 
résultats et l’interprétation géologique qui en a été donnée, a vérifié l’ensemble de ces 
conclusions dans une proportion de l’ordre de 60%. 

La succession des limons de surface, des calcaires gréseux du Pliocene et des 
niveaux 4 dominance marneuse du Crétacé a produit une courbe de résistivité carac- 
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téristique qui commence par une valeur élevée pour la surface, provenant en partie } 
de la sécheresse, qui diminue rapidement pour atteindre une valeur normalement 
faible pour les limons humides. 

Cette diminution est brusquement arrétée au niveau du Pliocéne; la résistivité 
demeure ensuite relativement constante et accuse parfois une légére augmentation. 

On constate ensuite une nouvelle diminution qui n’apparait parfois que trés 
faiblement et que l’on considére comme indiquant la présence des marnes ou des 


argiles du Crétacé; mais il est certain que le contraste entre le Pliocéne et les formations 
antérieures est généralement peu marqué. 
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Il semble que la nappe phréatique ait eu peu d’effet sur la forme des courbes; 
cela provient vraisemblablement du fait que les eaux imprégnent par capillarité, les 
formations immédiatement supérieures et la forme extréme du sommet de la plupart 
des courbes indique qu’il existe une capillarité suffisante jusqu’a 2 ou 3 métres de 
la surface du sol. 

L’interprétation fournie par l’entreprise a été obtenue en reportant les niveaux 
géologiques sur chaque courbe et en joignant les points qui sont supposés représenter 
les mémes horizons. Nous avons donc été en présence de 6 coupes géologiques Nord- 
Sud et 6 coupes Est-Ouest. 

Il a alors été relativement facile de dessiner la topographie du Substratum imper- 
méable et enfin, par superposition avec la carte de la nappe phréatique, de tracer les 
isopaques de cette derniére en admettant, bien entendu, que le Substratum repré- 
sentait son plancher imperméable absolu ce qui n’est pas toujours rigoureusement 
exact car certains niveaux calcaires du Cénomanien peuvent étre aquiféres. 
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2.1.3. Réseau hydrographique ancien (cf. piéce ; 
La topographie du Substratum n’apparai 


gression du Pliocene s’est donc avancée sur une p 
un relief bien individualisé, et a respecté ses caractere 
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Ce réseau hydrographique, que l’on peut dater du Pliocéne ancien correspond 
d’ailleurs parfaitement aux débouchés des oueds venant du Sud et drainant le versant 
Nord du Plateau des Phosphates. Il comprend quatre vallées principales, prolonge- 
ment naturel des oueds Bou Moussa, Tamdrost, Mazzer-et Bou Asseila, qui confluent 
au Nord de la Plaine en un seul émissaire. Cet émissaire ancien se confond d’ailleurs 
avec l’Oued El Hansar dont le bassin versant actuel est pratiquement inexistant. 

Nous verrons plus loin le détail des résultats des forages mécaniques mais on 
peut signaler dés maintenant que la deuxiéme série, implantée en partie d’aprés ces 
renseignements, a recoupé des formations alluvionnaires dans 6 cas sur 10 et que les 
alluvions ont présenté généralement de trés fortes perméabilités. 

En fait, il ne faut pas oublier que les sondages électriques étaient éloignés les uns 
des autres d’un kilométre et les profils de 5 kilométres. Or, si l’on en juge d’aprés 
les vallées actuelles, les remplissages alluvionnaires anciens ne doivent présenter que 
des largeurs de 300 a 400 m. Dans ces conditions, on comprendra que la precision 
del’implantation puisse laisser a désirer. 

C’est pour lever ces incertitudes, qu’une deuxiéme campagne de géophysique, 
suivant le méme procédé, est actuellement en cours. Les profils moins longs, sont 
perpendiculaires au tracé des vallées et débordent assez largement au droit de chaque 
versant; la distance entre les sondages a été réduite a 100 m et la profondeur 
d’investigation portée a 150 m. Le profil d’essai déja réalisé semble fournir des résul- 
tats exploitables et a assez bien distingué les quatre couches intéressantes : limons de 
surface, grés pliocéne, argiles pliocénes, et alluvions recouvrant le Substratum crétacé. 
Cette interprétation demande évidemment a étre vérifiée par forages mais nous voyons 
que le probleme initial, qui était de trouver les régions d’épaisseur maxima du Pliocéne, 
s’est, au fur et 4 mesure du déroulement des travaux, transformé en celui de la déter- 
mination exacte de |’extension et de la puissance des remplissages alluvionnaires du 
Pliocéne ancien. 


2.2. Sondages mécaniques 


La reconnaissance par forage a fait l’objet de deux campagnes, l’une antérieure 
a l’étude géophysique, |’autre postérieure. Le but de la premiére série était de vérifier 
les résultats fournis par l’interprétation des analyses chimiques des eaux, celui de la 
seconde de compléter les renseignements tirés de la géophysique. 

C’est ainsi qu’il a été possible d’obtenir les valeurs moyennes exactes des perméa- 
bilités, des transmissivités, des coefficients d’emmagasinement des différents faciés 
aquiféres du Pliocéne ainsi qu’une évaluation des réserves. 


2.2.1. Premiére série 


Elle a comporté 15 sondages congus en reconnaissance pure c’est-a-dire implantés 
d’aprés le peu de données que nous avaient fournies les études antérieures; leur 
diamétre était relativement faible, mais ils ont toujours donné lieu a un essai de pom- 
page. Ils ont, pour la plupart, été exécutés au Rotary en 12” jusqu’a une dizaine de 
métres au-dessous du niveau hydrostatique, puis, au-dela, en 8”. Un tubage de 10” 
crépiné sur 6 ou 8 m a la base, était posé dans la partie forée en 12” et constituait 
la chambre de pompage. 

Il est inutile d’indiquer dans le détail les renseignements fournis par chaque 
forage; il faut cependant signaler que les prévisions ont été vérifiées d’une maniére 
satisfaisante. 

En effet, les trois forages implantés pour vérification, dans des régions, situées a 
Est ou au Centre de la Plaine, ou l’épaisseur de la tranche aquifére du Pliocéne 


devait tre ou nulle ou faible n’ont recoupé que moins de 10 m de niveau perméable 
reposant sur le Substratum. 
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On peut citer par exemple, le forage n° 14, qui d’aprés la carte géologique au 
niveau de la nappe, devait se trouver dans une région ot le Pliocéne était stérile, n’a 
en fait recoupé, sous 31 m de grés dunaires, que 3 m de grés aquifére recouvrant direc- 
tement les schistes primaires. 

On peut remarquer en passant que la classification d’aprés les diagrammes en 
losange n’a pas pu faire la distinction entre les eaux des schistes et celles du Crétacé. 

De méme, le forage n° 22, situé dans une zone de mélange, a recoupé le Crétacé 
a 32 m alors que le niveau hydrostatique est situé a 29 m. 

Le résultat le plus important pour la suite de cette étude a été fourni par le 
forage n° 18 qui a indiqué, sous 14 m de limons, puis 18 m de grés pliocéne, l’existence 
de 3 m d’argiles sableuses rouges et enfin de 7 m de galets peu consolidés avant d’arri- 
ver aux argiles bariolées de |’Infracénomanien. Or ces galets proviennent, pour la 
plupart, de par leur nature lithologique, du Plateau des Phosphates bien que le forage 
soit situé nettement au Nord de la Plaine. Ils ne pouvaient donc représenter que 
des dépéts alluvionnaires d’un ancien lit d’oued correspondant 4 un réseau hydro- 
graphique du Pliocéne ancien. II aurait été en effet étonnant que, puisque ce niveau 
de conglomérats n’était pas généralisé, il ne soit dad qu’a un effet du hasard qu’il 
ne puisse pas étre rattaché d’une fagon continue aux actuelles vallées du Plateau des 
Phosphates. 

L’hypothése était importante car au moment de l’essai de pompage le débit 
qui n’avait été que de 6 I/s pour 7 m de rabattement est passé a 22 l/s pour le méme 
rabattement, lorsque le forage, qui avait été arrété a la base des gres, eut été appro- 
fondi jusqu’au Substratum. 

L’interprétation de l’étude géophysique ayant été effectuée 4 ce moment la, 
il a été naturel d’admettre que ces dépéts trés perméables devaient étre localisés dans 
les fonds des vallées fossiles. Mais le probléme était compliqué du fait que les per- 
méabilités n’étaient pas constantes et que, une fois déterminées les vallées, il fallait 
trouver les zones de perméabilité maximum. Dans l’instant, aucune méthode n’a 
permis de le faire directement et, seuls les forages de reconnaissance, précédant les 
ouvrages d’exploitation peuvent fournir de tels résultats (cf. piéce n° 7). 


2.2.2. Deuxiéme série 

Les 14 forages de cette seconde série ont été implantés dans le but de vérifier 
existence de ces vallées anciennes. Certains ont donc été implantés au droit de ces 
vallées, d’autres entre deux vallées; d’une maniére assez générale, on peut considérer 
que les premiers ont effectivement recoupés des niveaux alluvionnaires, et que les 
autres ont rencontrés les calcaires marneux du Cénomanien sous une €paisseur rela- 
tivement faible de grés dunaires ou marins du Pliocéne. 

Exécutés, pour la plupart, au battage, en 420 mm jusqu’au niveau hydrostatique 
puis en 360 jusqu’au Substratum, ils ont permis d’effectuer des essais a 50 1/s donc a 
un débit d’un ordre de grandeur comparable 4 une exploitation réelle. 

Ils ont, en particulier, montré que la perméabilité des conglomérats n’était pas 
constante car, comme dans tout niveau alluvionnaire, le ciment pouvait, par endroit, 


devenir franchement argileux. 


2.3. Essais de pompages 
Comme il a été dit au paragraphe précédent, un certain nombre de sondages 


mécaniques a été réalisé dans cette Plaine de Berrechid. SS. 
La reconnaissance avait débuté par une premiére campagne d’une quinzaine 

de forages implantés a la suite de l’étude chimique des eaux, et de la géophysique. 
Nous nous étions fixé comme double objectif 4 atteindre, de connaitre de chacun 


de ces sondages : 
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1° la coupe géologique du terrain traversé, donc l’épaisseur de nappe aquifére; 

2° les possibilités aquiféres de ces terrains. 

C’est la raison pour laquelle, aprés chaque forage, celui-ci était équipé momen- 
tanément aux fins d’essais de débit. 

Ces essais exécutés systématiquement, furent menés suivant des plans minutieu- 
sement préparés et adaptés aux terrains et problémes posés. 2 

Les résultats obtenus lors de cette premiére campagne ont montré les possi- 
bilités aquiféres trés intéressantes de ces grés pliocénes. 

Aussi, a-t-il été décidé de procéder 4 une deuxiéme campagne afin de connaitre, 
dans le détail, ces terrains, et pouvoir évaluer leurs réserves et possibilités au pompage, 
et enfin préparer un plan de mise en valeur de cette plaine qui s’est révélée subitement 
trés intéressante. 

Cette seconde campagne a été effectuée avec des moyens appropriés, aménagés 
suivant les résultats obtenus lors de la premiére campagne. 

Nous allons montrer de quelle fagon nous avons exécuté ces essais et ce que 
nous en avons tiré, tant du point de vue de la connaissance des caractéristiques 
hydrauliques des grés, que de leurs possibilités au pompage. 


2.3.1. Théorie de [écoulement transitoire des filets d’eau autour d’un puits en exhaure 
Nous ne reprendrons pas, dans cette note, l’étude mathématique des phénoménes 
qui interviennent dans une nappe initialement au repos, homogéne, isotrope, lors 
d’un pompage en un point donné. 
On démontre que le rabattement s consécutif 4 un pompage de débit QO est solu- 
tion de |’équation : 
co 


eu 
= sue 2, —— du (1) 
4 T Loe. tt 
4Tt 
rs 
ou u = 
4Tt 


T est la transmissivité de l’horizon aquifére 

S le coefficient d’emmagasinement 

t le temps écoulé depuis le début du pompage 

s le rabattement au temps ¢ et a une distance r du puits. 
Celle-ci peut encore s’écrire : 


2 . 
Q) s= a |- Ej (-=)| ou FE; est la fonction exponentielle intégrale. 
Tt 


Le développement de cette fonction, lorsque ¢ croit se raméne a : 
2,303 O pappesya hits 
=— —— 10 ——_——_—— 
@) : 47 T eS 


2.3.1.1. Transmissivité T FE Be oxt 
On définit la transmissivité T par le produit de la perméabilité k et de l’épaisseur 


de nappe b 
T=kb ow Test exprimé en m2/s 
k est exprimé en m/s 
b est exprimé en m 


La transmissivité est la grandeur qui conditionne le débit. 
Sa valeur s’obtient en dérivant l’équation 3 par rapport au temps. 
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AsiQ _ 0,183 | 
Alogt  T ~ 


0,183 
A s/Q 
A logt 


Si l’on représente sur un diagramme semi-logarithmique |’évolution du rabat- 


Ss 
tement en portant en ordonnées le rabattement spécifique (3) et en abcisses sur 


la graduation logarithmique, le temps, la pente de la droite obtenue, permet le calcul 
dod, 


2.3.1.2. Coefficient d’emmagasinement S 

On définit le coefficient d’emmasinement S d’un terrain comme étant la quantité 
d’eau que l’on peut extraire par pompage d’un m? de ce terrain. 

Cette valeur est fondamentale dans le calcul des réserves de nappe. 

Elle s’obtient en faisant le terme a |’intérieur du logarithme = 1 (formule 3). 
En outre, la connaissance de T et S permet la prévision des possibilités d’exploi- 
tation de chaque ouvrage tant du point de vue équipement que fonctionnement dans 
le temps. En conséquence, nous pensons que ces deux grandeurs outre qu’elles défi- 
nissent simplement un terrain aquifére dans toute sa complexité, sont les «valeurs 
clés» pour ce projet d’équipement d’irrigation par stations de pompage. 


2.3.2. Méthodes d’essais 

Les sondages devaient étre forés 4 un calibre suffisant pour permettre la pose 
d’un tubage provisoire, crépiné sur la hauteur aquifére, et l’introduction d’une pompe 
aux fins d’essais de débit. 

Si, pour le début de la premiére campagne, les caractéristiques fixées étaient 
de 4 heures de pompage a 2,5 I/s avec une pompe Peerles, il fallait, par la suite et devant 
les résultats obtenus, changer de prescriptions quant a la durée et au débit, qui attei- 
gnirent un maximum de 48 h et 50 ou 60 I/s. 

Aprés les essais et suivant les résultats, le sondage était soit remblayé et aban- 
donné, soit équipé en piézométre pour la surveillance de la nappe, soit enfin conservé 
pour une éventuelle exploitation. 

Pour l’ensemble des deux campagnes de reconnaissance et pour un total de 


29 sondages, 7 ont été abandonnés, 9 laissés comme piézométres et 13 équipés direc- 
tement pour l’exploitation. 


Apres l’exécution du forage, celui-ci était tubé crépiné; un premier essai de déve- 
loppement était effectué par l’entreprise, jusqu’a l’obtention parfaite d’eau claire. 
Celle-ci mettait au début de la campagne un temps assez long a apparaitre; le forage 
était en effet effectué au Rotary, bien vite le forage au battage fut adopté, qui permit 
effectivement des opérations de nettoyage rapides. 

Le premier essai de développement donnait une premiére idée des possibilités 
du sondage. 

L’essai officiel, se basant sur ces possibilités, était effectué soit 4 un seul palier 


de débit, soit a 3 paliers afin de pouvoir étudier en plus les pertes de charges consécu- 
tives au terrain et crépinage. 
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Pour les débits importants, les essais étaient prolongés de 48 heures afin d’évaluer 
Vextension du céne de rabattement donc les rayons d’influences apres un temps ¢ 
Chaque fois que cela était possible, l’implantation du sondage se faisait prés 
de puits déja existants. Ces puits servaient alors comme piézomé tres de mesure. 


Le relevé des mesures consistait 4 suivre l’évolution en fonction du temps du 


rabattement provoqué par un pompage Aa débit Q, sur le sondage d’exploitation et 
sur les puits piézométres; le débit, méme pour un palier constant, était mesuré le 


. . s 
plus souvent possible car le rabattement spécifique ou le rapport — explique mieux 


que le rabattement s seul, l’évolution du phénoméne. 

Plusieurs échantillons d’eau étaient recueillis au début, milieu et fin du pompage, 
aux fins d’analyse chimique. Une fois le pompage jugé suffisant et arrété, la remontée 
de la nappe vers son état initial était suivie minutieusement en fonction du temps ¢ 
du début de pompage et ¢’ du début de I’arrét. L’analyse de la «Remontée» est aussi 
importante que celle de la «Descente», car lors de la remontée, |’évolution de la 
nappe se fait sans l’intervention de causes extérieures; par exemple, comportement 
souvent variable du groupe de pompage, refoulement de l’eau, etc... qui influencent 
souvent les courbes en «Descente». 

Si la courbe de remontée, qui s’effectue en régime laminaire donne |’état naturel 
des terrains, par contre, la courbe en descente est souvent influencée par le régime 
turbulent autour du sondage, |’exécution du tubage, l’apparition de pertes de charge 
en fonction du débit. 

A notre avis, l’ensemble des deux évolutions est indispensable pour une compré- 
hension complete, totale du comportement de la nappe autour du forage. 


Nous ne reproduirons pas dans ce rapport, toutes les courbes concernant les 
essais effectués sur les 29 sondages. 

Nous présenterons simplement quelques exemples; chaque cas est un cas parti- 
culier intéressant a étudier et 4 fouiller, nous ne le ferons pas dans le présent rapport, 
nous contentant simplement de donner les résultats obtenus. 


Premier exemple — Sondage n° 28 — Cas d’évolution normale (cf. coupe n° 8) 
Les essais de pompage ont été effectués sur le 28; 2 puits Pi et Pe situés respec- 
tivement a 32 et 51 m du forage ont été surveillés simultanément au sondage d’ex- 


ploitation (cf. graphiques n° 9, 10, 11, 12). 
Aussi bien sur celui-ci que sur le puits Pz, tant en descente qu’en remontée, les 
courbes d’évolution du rabattement spécifique révélent une méme transmissivité : 


T = 1,310? m2/s. 


L’épaisseur de nappe au niveau du forage étant de 20 m, la perméabilité des 
grés prend pour valeur : 
f310n4 
je == 6,5.10-* mis 
20 
Le coefficient d’emmagasinement vaut : 
si fo = 1,110% sec 


2 DS Ser A104 1,1108 


= 1,2410°2 
512 


123 


VE 


ow soired 


PROFIL OUSOWAGE 


[ale ae 


Vacel 


i) 
w 
y 
nS 
wt 
NS 
Ss 
S 


pe ae 
ae 
5 4 


limon rouge 
arpileux 


ef sableux 


<t 


mea 
weet 


itl l rH rL rH if 
eS 


cnet 


[HE HA 
HHH HHH HH tH 


HHH 


Fic. 8 


24 


1 


—— 


se m/myfs ¢€ 


BERRECHID 28 
Remontee 


2.3.2.1. Anomalies 
1. Pour Berrechid 28, en descente, les courbes sont paralléles et non confondues 


pour le changement de débit. Le calcul des pertes de charges anormales et de vitesses 
d’écoulement a l’entrée des crépines, montre que [on augmenterait sensiblement 
les possibilités du sondage en traitant le terrain par acidification a CIH, et en ouvrant 


plus largement les crépines. 
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BERRECHID 28 
“ 


Courbes 
« Pults n*/ 51,90m 
x Purts 12 5/,00m 


BERRECHIO 28 


Remont ee des puile 


*Pute nes 
xPute n°? 


2. Le puits P, révéle une transmissivité T — 2,310-2 m2/s différente de celles 
calculées sur Bog et Po et supérieure. 


Le coefficient d’emmagasinement A ce niveau vaut : 
Si= 251052 
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En conséquence, le puits Pi se trouve dans une zone plus favorable que celle ot 
sont implantés Bog et Pe. ; 

Cette indication dirigera de nouvelles implantations de stations de pompage dans 
cette région. ~ 


Exemple 2 — Sondage n° 24 — Cas d’évolution exceptionnelle (cf. coupe n° 13) 

Vu les résultats importants de cet ouvrage, nous avions décidé de le faire fonc- 
tionner 24 heures au débit maximum de la pompe, soit 58 1/s. 

Aux trois paliers prévus : 21 1/s, 38 I/s et 58 I/s, la stabilisation du niveau d’eau 
est parfaite pour des rabattements successifs de : 0,15 m, 0,38 m et 0,75 m (cf. gra- 
phique n° 14). 


Descente Stabilisation 
+ Sondage 
x Puits 


Fic. 14 


Le puits piézométre situé 4 25 m n’a vu son niveau statique se rabattre que 
de 4 cm. 

Cet essai constitue un cas exceptionnel, car rarement, trés rarement, on obtient 
une évolution constante des niveaux d’eau dans le temps; presque toujours |’écou- 
lement est transitoire pur. Ces stabilisations sont dues 4 une zone particuliérement 
alimentte, perméable en grand ot le départ d’une quantité d’eau est instantanément 
remplacée par une nouvelle venue. 

Ce sondage peut étre équipé pour un débit de pointe de 200 1/s. Une amélio- 
ration sensible peut étre en plus apportée a cet ouvrage, par ouverture des crépines, 


ceci afin de diminuer les per tes de char (s 2 
g Ss en visibles clairement 


2.3.3. Résultats obtenus lors des différents essais 
N ; Paksate 
ous examinerons d’abord le calcul des caractéristiques hydrauliques des terrains. 
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N Tr : k Nappe| N 
Oo . 
til appe| Nappe 
Ee Sedans. m/s ie oa CapkNibhe | aeeraoes 
. 15 + | Essai insuffi- 
sant 
2 610-3 13 4,710-4_ Grés ak 
3 10-1 18 5,510-8 | Grés 
G. Congl. | 1,610-1 ah 
G. Sables 
4 24 +- Stabilisation 
5 15 + Essai insuffi- 
sant 
6 10-2 18 | 5,510-4 {G. Marin 
Conglomér.) 1,2510-4 + 
14 Niveau en ra- 
battement in- 
stable a cau- 
se des faibles 
possibilités. 
8 910-3 | 19 | 4,710-4 {G. Dunaire 
G. Marin | 3,510-4 ate 
9 50 Eboulé 
10 | 1,510-2| 26 | 6610-4 {G.Dunaire 
G. Marin ate 
410-2 18 | 2,2610-% (G. Dunaire 
\G. Marin 
11 | piézo. 
810-3 18 4,510-4 3,610-2 a 
G. Dunaire 
12 310-3 128i. 410eeaG. Marin | 2,710-? + 
Conglomeéer. 

3 8 + | Faible puis- 
sance aquifé- 
re et niveau 
d’eau trés bas 
(45 m) 


Maemo 
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b 
‘M . k Nappe| Nappe 
Hise is utile mala S Capt. | libre Remarques 
m 
14 3 + idem. 
15|.1,6610-2 | 22 7,510-4 pee Dunaire 3,210-2 + 
{G. Marin 
16 | 1,610-4|} 13 1,510-5 {G- Dunaire = 
G. Marin 
17 | 9,110-2 14,2 | 6,510-3 {G. Dunaire| 10-1 ae 
|G. Marin 
18 10-2 19 | 1,410-3 (Conglomér.| 1,5610-2 -- 
6,110-3 6,810-4 |G. Calcaire 
19 7,370-3 13,6| 5,310-4 Grés 3,110-2 + 
20 | 6,810-4| 13,4| 5110-5 G. Dunaire’ 7,910-3 
21 1,810-1} 23 1,310-1 {Conglomér. =e 
1,810-2 7,810-4 |Grés 
22 | 5 + | Faible 
epaisseur de 
le nappe 
Niveau | sta- 
tique trés bas 
23 | 1,6610-2 18 9,210-4 {G. Dunaire) 4,410-2 aa 
G. Marin 
24 26 - Stabilisation, 
résultats ex- 
ceptionnels 
25 3 + Peu puissant 
26 9 + Peu puissant 
27 | 1,910-2 20 10-3 (G. Dunaire| 7,410-1 | + 
G. Marin 
28 1,310-2 | 20 6,510-4 {G. Dunaire| 210-2 ee 
\G. Marin 
29 | 1,4610-8/ 16 | 9,110-8 G. Marin ait 


See eee 
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2.3.3.1. Caractéristiques hydrauliques des terrains recoupés par ces sondages 

Le tableau ci-joint résume tous les résultats obtenus dans le calcul des carac- 
téristiques hydrauliques au niveau des forages et de leurs piézométres. 

La premiére colonne correspond a la numérotation des forages; la seconde 
correspond au calcul des transmissivités au niveau de chacun d’eux; la colonne qui 
suit est celle des épaisseurs de nappe susceptibles de fournir de l’eau; la quatriéme 
contient le calcul des perméabilités, la cinquiéme colonne est celle des valeurs que 
prennent les coefficients d’emmagasinement. II sera indiqué ensuite si la nappe recou- 
pée est captive sous les limons ou si elle est libre. 

Certaines cases vides correspondent aux cas ou il nous a été impossible de 
calculer les caractéristiques, soit par la mauvaise exécution des essais, soit par le 
mauvais comportement des terrains, soit par des moyens insuffisants. 


Transmissivités 

L’hétérogénéité de cette nappe de Berrechid est bien représentée par la grande 
variation des valeurs obtenues par le calcul des transmissivités (de 1 a 600). 

L’épaisseur de nappe aquifére ne variant que de 1 a 4, |’écart entre les valeurs 
des T ne provient que de la grande différence qui existe entre les valeurs des perméa- 
bilités. 


Perméabilités 
Cette différence entre les valeurs des perméabilités trouvées provient de la nature, 


variée, des terrains recoupés lors des forages. 
Nous avons pu calculer quelques valeurs de perméabilités pour les différents 


horizons aquiféres : 


a) Grés dunaires 
K = 5,110-5 m/s pour B 20 
K = 1,10-° m/s pour Médiouna 


On pourrait adopter K = 310-5 m/s comme valeur moyenne de la perméabilité 
pour le grés dunaire. 


b) Grés marin 


K = 7,810-4 m/s pour B 21 
K = 7,310-4 m/s pour B 19 
K = 6,810~4 m/s pour B 18 
K = 4,710-4 m/s pour B 8 
K = 4,710-4 m/s pour B2 


= 610-4 m/s pour le grés marin, chiffre que l’on 


soit une valeur moyenne de K ase : 
t dans toutes les régions du Maroc ou ce grés 


retrouve d’ailleurs trés généralemen 
marin pliocéne a pu se déposer. 


c) Pour les horizons formés de grés dunaire et marin superposés, On retrouve en 
général des chiffres comparables a ceux obtenus pour (b) car ce sont ces horizons 
qui fournissent la plus grosse part du débit. a r 

Un cas exceptionnel ot k prend la valeur 10 m/s au B F 

Il doit s’agir d’un point anormalement bien fissuré et développé. 


d) Le niveau des conglomérats s’est révélé de trés bonne perméabilité, lorsqu’il 


n’est pas cimenté bien sar : 
K = 1,410-3 m/s pour B 18 
K = 1,310-1 m/s pour B 21 
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Coefficients d’emmagasinement 

La plus faible valeur du coefficient d’emmagasinement a été calculée dans un 
grés dunaire. 

Les plus fortes valeurs dans les niveaux contenant.des horizons congloméra- 
tiques, et en B27 pour Iequel nous avons déja dit ce que nous en pensions. 

La moyenne arithmétique entre les différentes valeurs de S est de 1,31071. 

Toutefois, nous pensons que ce chiffre ne peut étre valable statistiquement 
parlant, car la valeur moyenne du coefficient d’emmagasinement ne peut étre calculée 
que si nous connaissons pour chaque § le volume de terrain intéressé; d’autre part, 
si les sondages lors de la premiére campagne, ont été implantés suivant un plan 
géométrique, il n’en est point de méme lors de la seconde campagne owt les forages 
ont été implantés dans des régions supposées tre «favorables». 

En conséquence, la valeur de S de 1,310-1 n’est pas un chiffre statistique; il 
serait plut6t optimiste. 

Nous pensons que la valeur de S = 510-2 peut s’appliquer en moyenne pour 
tout l’ensemble de la nappe en ce qui concerne l’exhaure de |’eau. 

Toutes les caractéristiques hydrauliques sont figurées sur la carte ci-jointe 
(cf. carte n° 15). Ils permettent lorsque tous les travaux de géophysique de détail 
seront achevés, de prévoir les caractéristiques hydrauliques en chacun des points 
de la nappe donc ses possibilités pour l’exploitation. 
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7 = Per. 


2.3.3.2. Possibilités d’exploitation de certains forages 
Le tableau ci-joint résume les possibilités actuelles des ouvrages. 


————— > S nn ee 


diamétre| <4 vip hee = 
N°| tubage goes) hie al ees 
2 ee €quipé |donnéou| métres Beards 
remblayé 
1 3 u” ae 
2 | 315mm tube en Sondage a reprendre pour équipement 
téte puis apres essais poussés. 
a nu 
3 | 315 mm _ Peut étre équipé pour 80 I/s; possibilités 
de la nappe trés supérieures. 
4 aa A révélé zone intéressante a proximité. 
5 | 315 mm — Peut étre équipé a SO I/s; essai au préa- 
lable. 
6 = | A révélé écran imperméable a 15 métres. 
“if > Zone peu propice. 
8 | 255 mm — Equipé avec pompe maximum soit 40 1/s; 
sondage peut étre amélioré. 
9 =- Eboulé et peu intéressant. 
10 | 220 mm + Equipé pour 40 I/s; un nouveau forage 
| de dimensions convenables donnerait 
| 100 I/s. 
11 | 225 mm Zone favorable. 
ast we Kee eee ee ee 
12 Niveau statique bas, intéressantes pos- 
sibilités. 
13 
14 
15 | 255 mm + Peut étre équipé a 40 1/s; possibilités 
supérieures. 
16 | 255 mm a 
17 a0 + A révélé grosses possibilités. 
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diamétre 
N°] tubage Sondage 
@ int. Equipe 


18 | 255 mm air 


21 | 315mm -E 


23 | 315mm + 


24 | 315 mm Sin 


27 | 380 mm a 


Sondage 
aban- 
donné ou 


remblayé 


Piézo- 
metres 


Remarques 
~~ 


Peut étre équipé a 40 1/s., mais possibi- 
lités trés supérieures. 


Caractéristiques faibles; mais a révélé 
zone plus favorable. 


80 I/s, possibilités supérieures. 


Quoique éboulé a 47m peut encore 
60 I/s; a reprendre complétement. 


A révélé résultats exceptionnels; équi- 


pé au maximum du diamétre actuel. 


Peu d’intérét. 


A tuber, refaire essais. 


Zone intéressante. 


2.3.3.3. Calcul des rayons d’ influence de chaque ouvrage 
pe calcul des rayons d’influence de chaque ouvrage est utile & connaitre en vue 
de l’implantation finale des diverses stations pour éviter que celle-ci s’interinfluencent. 


. os: > z 
On sait que le rayon d’influence d’un forage est fonction du rapport —, et du 
S 


temps de pompage 4 la puissance }. 
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Ne du forage Ren m aprés 3 mois R en m apres 6 mois 

de marche continue de marche continue 
3 3.300 4.700 
6 1.200 1.700 
8 670 950 
11 4.400 6.200 
12 1.400 2.000 
15 3.000 4.200 
17 4.000 5.700 
18 2.600 3.700 
19 2.100 2.900 
20 1.250 1.750 
23 2.600 3.700 
27 670 950 
28 3.360 4.750 


Ces rayons d’influence correspondent aux points ot le rabattement est théori- 
quement nul. 

Cependant, si on définissait le rayon d’influence comme étant un rayon a 
l’extrémité duquel le rabattement n’est plus nul mais égal 4 5 ou 10cm pour un 
débit O, les valeurs de R diminueraient notablement. 

Les résultats ci-dessus découlent de l’analyse du comportement de chaque 
ouvrage. 

Il est possible, connaissant les caractéristiques hydrauliques de chaque sondage, 
et ses possibilités actuelles, de prévoir un plan d’équipement intéressant toute la 
plaine avec des ouvrages dimensionnés en conséquence, c’est-a-dire d’un diamétre 
tel, qu’ils puissent recevoir la pompe adéquate. 

L’analyse des essais a montré en outre, qu’il existe souvent de fortes pertes de 
charges consécutives aux terrains, et aux crépines des tubages; il ne nous appartient 
guére, dans ce rapport, de faire l’étude des pertes de charge, mais signalons que nous 
avons déja résolu théoriquement et pratiquement ce probléme. 

Donc un plan d’équipement idéal tenant compte de toutes ces données, peut 
étre mis en projet. 

Toutefois, on ne peut équiper un périmétre selon les résultats ponctuels obtenus. 

Il faudrait connaitre, pour pouvoir faire un bilan d’exploitation valable, d’une 
part les réserves de la nappe, d’autre part ses apports, afin que l’exhaure consécutive 
aux pompages n’entame la nappe dans ses réserves de facon irréversible. 


2.3.4. Réserves moyennes de la nappe 


2.3.4.1. Carte des courbes d’égale puissance aquifére 

La prospection géophysique, dont il a été question plus haut, a permis de 
préciser les profondeurs et toit du Pliocéne au niveau de chaque sondage électrique; 
soit les argiles rouges du Trias et Infracénomanien ou les argiles jaunes du Céno- 
manien pour le Substratum, soit les limons quaternaires pour le toit des grés pliocénes. 
On a pu calculer alors, en chaque point, sur les profils électriques, les cotes absolues 
du fond et toit du Pliocéne. ; 

Par ailleurs, la connaissance détaillée du niveau hydrostatique en chaque point 
de la Plaine, surimposée aux résultats de la géophysique ci-dessus, nous a donné 
la possibilité de dessiner une carte des épaisseurs de la tranche aquifére du Pliocene. 
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Nous avons admis a chaque fois que la nappe était en charge par les limons, 
que celle-ci circulait entigrement dans les calcaires gréseux. 

La carte des courbes d’égale puissance aquifére, ci-jointe (cf. figure n° 16) tracée 
suivant les résultats obtenus par la géophysique, a été, vérifiée et précisée par les 
29 sondages mécaniques. 

C’est d’ailleurs cette méme carte qui nous a permis d’implanter quelques forages 
particuliérement réussis. 

L’analyse des courbes montre que la puissance de la nappe n’excéde nulle part 
50 metres. 

Vers l’Ouest, la nappe étant salée, il n’est pas apparu nécessaire de pousser 
l’étude dans cette région. 

Par contre, vers l’Est, l’épaisseur des grés aguiféres décroit jusqu’a devenir 
nulle au-dela de B13 et B14. 

Au Sud, le Substratum est 4 une cote absolue supérieure a celle du niveau hydro- 
statique. 


2.3.4.2. Calcul du volume des terrains contenant la nappe 
La carte (cf. piéce n° 16) est formée de courbes de valeur 0, 10, 20, 30, 40 m de 
nappe aquifére. 


PLAINE DE BERRECHID 
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— COURBES O’EGALE PUISSANCE AQUIPERE 
ae é 9 % im Poe de nappe dons le pliocéne 
PU De 08 10m 
A Ree ue ZA ve 108 20m 
4 é a : De 28 30m 
De 308 40m. 
de 40m 
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Nous avons planimétré les surfaces comprises entre ces courbes, soit : 


Courbes b de: enm | Superficie S 106 m2 
0a 10 218,5 
10 a 20 291,8 
20 a 30 12,2 
30 a 40 29,5 
> 40 10 


La superficie totale intéressée est de 722 km?, soit 72.200 ha. 
Si nous appelons S la superficie en m? des terrains de puissance aquifére b en m, 
le volume des terrains dans lesquels circule la nappe est donné par l’intégrale. 


b max 
v= f S db 


0 


Le graphique ci-joint permet le calcul de l’intégrale, soit V4414.000 M m3 
(cf. graphique n° 17). 


PLAINE DE BERRECHID 
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2.3.4.3. Calcul du volume d’eau emmagasiné 
Les essais de débit nous ont permis de calculer le coefficient d’emmagasinement 
en chaque point de la nappe a chaque fois que cela était possible. 
Nous avons adopté la valeur de S = 510-2 comme.yaleur pouvant s’appliquer 
a tout l’ensemble aquifére. 
Les réserves de la nappe peuvent donc étre évaluées a: 
R = 700 M m3 


2.4. Apports moyens annuels a la nappe 

Le mode d’alimentation de la nappe de Berrechid est assez bien connu. 

L’essentiel des apports provient de l’infiltration des eaux de pluies et surtout des 
crues des oueds de la plaine de Settat-Benhamed. 

Le réseau hydrographique actuel est, en effet, tel que toutes les eaux superficielles 
arrivant dans la Plaine et ne s’écoulant pas vers la mer, ne peuvent que s’infiltrer 
ou s’évaporer. Or, aprés de fortes crues, il n’existe pratiquement pas de zone d’épan- 
dage ou «dayas» facilitant |’évaporation. 

En conséquence, toute l’eau descendant du plateau de Settat, s’infiltre de fagon 
massive a travers les terrains de surface, en particulier, les grés du Pliocéne qui affleu- 
rent largement et forment un terrain drainant et absorbant de trés bonne qualité. 


2.4.1. Apport des eaux d’Oueds du Plateau des Phosphates 

Nous avons évalué par planimétrie, la superficie du bassin versant de l’ensemble 
des Oueds du Plateau; celle-ci a été estimée 4 1.700 km?. 

La pluviométrie moyenne étalée sur plusieurs années est de 385 mm. 

Si nous conservons la valeur du coefficient de ruissellement égale a 0,1. généra- 


lement appliquée dans cette région du Maroc, l’écoulement moyen annuel des Oueds 
du Plateau serait de : 65,5 M m?. 


Ceci constitue vraisemblablement l’apport moyen annuel a la nappe. 


Nous allons voir, maintenant, comment la nappe a réagi sous l’influence de 
Valimentation saisonniére. 


2.4.2. Remarques au sujet de la surveillance de la nappe 

L’interprétation rigoureuse des phénoménes apparus pendant ces derniéres 
années, au niveau de la nappe de Berrechid, exigerait la surveillance et l’étude d’une 
forte densité de puits témoins. 

Or, depuis le début de cette surveillance, soit dés 1957, 38 puits témoins seule- 
ment étaient relevés mensuellement. Un gros effort nous a permis de porter ce nombre 
4 100 en avril 1959, 

Cependant, seul le premier contingent de piézométres a un nombre suffisant 
de renseignements étalés sur deux ans pour qu’il puisse servir d’investigation. 

Des courbes d’évolution de la nappe ont été dressées pour chacun de ces puits. 


L’étude des oscillations de leurs niveaux d’eau permet le partage de ces puits 
en deux groupes : 


2.4.2.1. Groupe de puits a faible variation annuelle du niveau d’eau 


Les puits dont les niveaux varient trés faiblement sont situés en grande majorité 
dans les parties Nord et Ouest de la Plaine. 


Ces puits ne subissent méme pas I’influence des pluies; par conséquent, nous 


pouvons dire que la fraction d’eau arrivant a la nappe et consécutive aux pluies 
dans la plaine est certainement trés faible. 


2.4.2.2. Groupe de puits a forte variation annuelle de leur niveau d’eau 


Ces puits sont situés au Sud et a l’Est donc a proximité du débouché des Oueds 
qui collectent les eaux du Plateau de Settat. 
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L’allure générale des courbes, 4 quelque exception prés, est classique dans son 
ensemble : remontée de septembre a janvier, puis baisse jusqu’a la fin de 1’été. 
’ La remontée débute dans le courant du premier mois de pluie, elle persiste 
cependant plusieurs mois aprés la fin de la période humide. 
Il semble que la nappe du Pliocéne réalise une régulation annuelle, et que son 
évolution soit directement liée a celle de la pluviométrie de l'année en cours. 


2.4.3. Calcul de apport d’eau annuel 


2.4.3.1. Calcul des superficies des terrains intéressés 

L’examen des courbes pour chaque puits a permis de grouper ceux-ci en fonction 
de l’amplitude de remontée annuelle a leur niveau. 

On peut, dés lors, tracer sur une carte de la plaine de Berrechid, les courbes 
d’égale amplitude : 

— la moitié des puits accusent une variation inférieure 4 3 m; 

— l’autre moitié accuse une variation supérieure a 3 m avec un maximum de 
1353.m. 

La carte ci-jointe (cf. piéce n° 18) montre la répartition des courbes d’égale 
amplitude annuelle. 
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Ce graphique n’est évidemment pas trés complet, a cause du petit nombre de 
puits témoins; nous avons extrapolé au mieux. 

Il est alors possible de calculer le volume des terrains subissant les fluctuations 
de remplissage et vidange consécutives a une alimentatign annuelle. 

Pour ce faire, nous avons figuré sur la carte trois zones principales ot la varia- 
tion annuelle est : 


— d’amplitude inférieureal1m = 7% 

— d’amplitude variant de 1 a3 m = Z2 

— d’amplitude supérieure a3m = Ze 

Ces zones ont été planimétrées, les surfaces qu’elles couvrent sont de : 
— 210 km? pour Zj 

— 522 km? pour Z2 

— 674 km? pour Z3 


Soit un total de 1.406 km?. 


Remarque 

Ce chiffre s’applique 4 toute l’étendue de la Plaine, alors que seule la moitié 
de la superficie intéresse le projet pour l’exploitation, l’autre moitié couvrant soit 
une nappe trés basse a 1’Est, soit salée a |’Ouest, ne correspond pas de toute facon 
a une trés grande réserve, car si a 1’Ouest la nappe ne varie pratiquement pas, a 
l’Est les puissances aquiféres sont faibles. 


Il serait maladroit de faire les calculs pour de telles superficies, sans différencier 
du moins globalement, les terrains qui les forment et dans lJesquels se jouent les 
fluctuations annuelles des niveaux d’eau. C’est ainsi que dans la zone Ze, on calcule 
une superficie de 135 km2 de calcaires marneux, et de 54 km? de nappe en charge 
sous les limons. 

On peut résumer en un tableau récapitulatif la répartition des terrains selon 
chaque zone : 


Terrains Calcaires En charge 
; Total 
Zones gréseux marneux sous limons (km2) 
(km?) (km?) (km?) 
Zi 210 210 
Z2, 333 135 54 522 
Z3 410 225 39 674 


2.4.3.2. Volumes des terrains intéressés par l’' apport 
Connaissant les amplitudes des variations de niveau d’eau pour les zones 


Z1, Z2, Z3, il nous a été facile de calculer les volumes de terrains correspondant a 
ces zones. Ainsi on peut résumer : 
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Terrains Calcaires Limons Amplitude 


Zones 
gréseux (10®m%) |marneux (10 m?) (108 m3) moyenne (m) 
Zi 105 / 0,52 
22 720 290 116 ps) 
Zz | 1.815 975 169 4,33 
Total 2.640 1.265 285 


2.4.3.3. Calcul du volume d’eau correspondant a l’apport 

Nous avons ainsi calculé les volumes des terrains suivant leur nature géologique; 
ceci n’était point une simple fantaisie de notre part, car il est évident que la variation 
du niveau d’eau consécutive A un méme volume d’apport d’eau, est différente suivant 
qu’il s’agisse de grés, calcaires marneux ou limons. 

Ce volume est justement fonction du pourcentage des vides du terrain ou plutdot 
de son coefficient d’emmagasinement qui est la donnée fondamentale régissant la 
réserve de ce volume de terrain. 

Nous appliquerons donc un coefficient d’emmagasinement différent selon les 
terrains intéressés. 


Terrains gréseux 

Ici encore, une nouvelle difficulté s’est imposée a nous; ces terrains gréseux 
comprennent des horizons conglomératiques, grés marins, grés dunaires. Lorsque 
le grés dunaire existe, il se trouve en général au-dessus de ces terrains; or, nous ayons 
vu que les coefficients d’emmagasinement sont différents pour les grés dunaires, que 
pour les autres horizons. 

Nous avons aussi remarqué que 50% des forages contenant une nappe a surface 
libre dans les grés ont leur niveau statique situé dans horizon de grés dunaire, les 
autres 50 °% ont leur niveau statique dans horizon des grés marins. 

Nous appliquerons comme valeurs de coefficient d’emmagasinement : 

S = 7,910-3 pour le grés dunaire 

S = 5,10-2 pour le grés marin 


comme il ressort de l’étude antérieure et des résultats des essais de débit. 
Le volume d’eau est donc de: 


2.640 108 x 50% x 7,910-3 = 10,4 M m? 
2.640 106 x 50% x 5,10-% = 56 M m3 


Terrains calcaires marneux 
Nous prendrons une valeur maximum de S pour de tels terrains, puisque n’ayant 


pas valeur réelle valeur dans cette Plaine. En général S = 10-3. 
On a: 1.265 X 10-3 = 1,26 M m3. 


Terrains dans les limons 
a) Si on considére ici la nappe parfaitement en charge : 


V=0 
b) Sinon S = 10-6. 


Soit, V = trés petit. . 
Le volume d’eau qui correspondrait 4 l’apport annuel serait donc de : 


10,4 + 56 + 1,2 = 67,6 M m? 
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Conclusions 

Nous avons évalué par deux méthodes différentes l’apport annuel a la nappe; 
mais ces calculs ne sont qu’une estimation d’autant que certaines données ne sont 
pas encore bien précisées. mS 

Nous pensons cependant serrer la valeur de l’apport d’assez prés puisque les 
résultats ne sont guére éloignés l’un de l’autre, ce qui n’est pas étonnant puisque 
toute l’eau des oueds s’infiltre. 

Nous miserons sur un apport annuel moyen de 65 M m*°. 

Ce volume correspond a un débit continu de 2 m/s étalé sur toute l’année, 
soit 8 m°/s pour un pompage continu de quatre mois. 


CHAPITRE III 


1. ASPECT ECONOMIQUE ET FINANCIER 

En résumé, les travaux de reconnaissance ont comporté trois phases principales: 
géophysique et deux campagnes de forages. 

L’ensemble de ces travaux a entrainé les dépenses suivantes : 

— Géophysique : 12 millions de F, 

— Premiére série de forages : 12 millions de F, 

— Deuxiéme série de forages : 19 millions de F, 

Soit un total de 43 millions pour un débit total reconnu au moment des essais 
de 850 1/s, soit un prix de revient de 50.000 F par litre/seconde. 

Pour créer des stations de pompage définitives, il est nécessaire de compter encore 
un complément de géophysique dont le but sera de déterminer exactement |’extension 
latérale de la ou les vallées anciennes au droit desquelles l’exploitation sera effectuée 
et, pour chaque station, cinq ou six forages de reconnaissance en petit diamétre qui 
permettront de déterminer la zone ou les alluvions présenteront la plus forte perméa- 
bilité : 

— Géophysique : 500.000 F par ouvrage, 

— Forages : 4 millions, 

— soit 4.500.000 F. 


Si l’on admet, et les essais l’ont prouvé, un débit moyen possible de 100 I/s par 


station, le prix de revient global de chaque ouvrage pourra se décomposer de la fagon 
suivante : 


— Travaux de reconnaissance : 9.500.000 
— Equipement définitif : 10.000.000 


C’est-a-dire qu’une station de 100 1/s reviendrait A 20 millions environ; ce qui 
porte le prix de revient du litre par seconde a 200.000 F. 

En fait, ce prix est un prix maximum, car, dans certains cas, le forage définitif 
pourra tre implanté a proximité immédiate d’un des forages de reconnaissance déja 
exécuté; ce qui abaisserait 4 150.000 F le prix de revient du litre par seconde. 

Dans ce décompte, nous avons admis que les frais entrainés par le personnel 
et le matériel de l’Administration au cours des études préliminaires n’entraient pas 
dans le premier financement. 

D’autre part, l’ensemble du réseau de distribution qui, sous une forme quel- 
conque, sera a la charge des usagers, ne doit pas entrer en ligne de compte. 

Mais il faut faire remarquer que, dans cette région ot les cultures de primeurs 
sont possible, le prix de I’hectare de terrain non irrigué est de l’ordre de 100.000 F 
et passera a plus de 1 million. Le bilan est donc largement bénéficiaire si l’on consi- 
dére que 1 1/s permet la mise en valeur de prés de 2 ha. 
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PRESENTATION OF HYDROLOGIC DATA ON MAPS 
IN THE UNITED STATES OF AMERICA (}) 


J. A. DA COSTA 


SUMMARY 


A wide variety of hydrologic maps are used in the United States. These r: 
from maps showing the general availability of water to detailed maps chewing 
specific phases or characteristics of water occurrence. Many of the maps accompany 
reports, but some may be used independently from the text and others are prepared 
specifically to be used without an accompanying text. In recent years there has been 
a greater proportion of maps covering large areas or entire hydrologic systems. 
These types of maps reflect the increasing importance of relating hydrologic infor- 
mation for use in the extensive development and management of the water resources 
of large areas. 


1. INTRODUCTION 


A hydrologic map, as considered in this paper, is a map showing hydrologic 
features, or showing the relation of such features to the geology, geomorphology, 
or geochemistry of an area. Thus the term «hydrologic» as used here includes the 
term «hydrogeological» as used in the European literature. 

In general, ground water and surface water are closely related and are affected 
by the same natural processes. Thus the maps referred to in this paper show hydrologic 
features and relationships for entire hydrologic systems or parts thereof. Included 
are maps showing precipitation rates, runoff, infiltration, evapotranspiration, and 
streamflow, as well as maps showing geology, geomorphology, subsurface pressure- 
head configuration, and chemical features. 


2. GENERAL DESCRIPTION OF MAPS 


In the United States of America most of the hydrologic maps are a part of 
published reports that provide information as a basis for the development and 
management of water resources for irrigation, power generation, municipal and 
industrial water supplies, flood control, prevention of pollution, maintenance of 
fish and wildlife, and recreation. The maps have two purposes : (1) to present hydro- 
logic information that is difficult to describe adequately in the text of the report, 
and (2) to show the spatial relationship of hydrologic features. Accordingly, the 
maps are visual aids for a better understanding of the hydrologic situation described 
by the report. 

Some types of maps, such as the Hydrologic Atlases of the Geological Survey, 
are printed with only a brief accompanying text, or with only a printed explanation 
on the map itself. These maps may be of either large or small scale, and thus may 
present either detailed hydrologic relationships or broad generalizations. 

Hydrologic maps in the United States commonly cover civil divisions, such as 
a State, a county, or a city, or an economic subdivision such as an industrial or 
irrigated area. In recent years, however, hydrologic investigations have included 
entire hydrologic systems, basins, or regions; hence the resulting maps may include 


(4) Publication authorized by Director, U-S. Geological Survey. 


143 


parts of several States—for example, the Mississippi River embayment, or the 
Arkansas, Red, and White River basins. . 

The complexity of hydrologic relationships in some areas commonly make it 
impractical to represent all the hydrologic features on a single map. In the southern 
part of the State of Mississippi, for example, there are eight major geologic units 
successively underlie each other and each of which includes from one to several 
separate aquifers. A single map showing the depths, thicknesses, and piezometric 
surfaces of all these aquifers, together with the chemical characteristics of the water, 
would be practically illegible. Such complex conditions occur in many other parts 
of the United States, and thus it generally is not practical to show all the subsurface 
hydrologic conditions for an area on a single map. Therefore a series of maps are 
needed to relate the various hydrologic features. 

Hydrologic maps in the United States are compiled at a wide variety of scales, 
according to the size of the area, the density of water development, the nature of the 
study, the amount of data to be plotted, and the purpose of the map. Such a wide 
variety of conditions of course would be expected in any large country in which 
geology, hydrology, and need for water are as varied as they are in the United States. 

The publication scale is governed by the needs of the map user, the type and 
amount of information to be presented, and the nature of the printing facilities 
available to the publishing agency. The clarity of presentation, of course, is a prin- 
cipal factor; often it alone determines the publication format and the number of 
maps required to show the hydrologic information. For example, it may be better 
to publish two or more simple maps rather than a single map showing a large amount 
of technical data. A series of simple and lucid maps, of page size or even smaller, 
permit the effective display of a large amount of hydrologic data at relatively small 
expense. 


3. CLASSIFICATION OF HYDROLOGIC MAPS 


In general, hydrologic maps in the United States may be classified into four 
groups : (1) maps showing general hydrologic features and water availability; (2) 
maps relating hydrologic and geologic features; (3) maps showing hydrologic para- 
meters; and (4) maps showing chemical-hydrologic features and relationships. 

A few examples of published maps of these various types are given in appendix II. 

The general-features and water-availability maps are similar to the European 
type of «hydrogeological» map. The features they show include (1) the geologic 
formations with a description of their water-bearing properties; (2) the location of 
bedrock outcrops, and contours of the altitude of the bedrock surface; (3) locations 
of wells and springs; (4) type, diameter, and depth of wells; (5) depth to water below 
the land surface; (6) the general availability of water for domestic, municipal, 
industrial, and irrigation use; (7) information on the yield of wells; (8) seasonal fluc- 
manee of water levels; and (9) quality of both surface water and the water from 
wells. 

These maps are of special value as an aid in the development of water supplies 
by ranchers, farmers, householders, industrialists, city officials and others whose 
primary interests are the best sites for obtaining water supplies and information 
on the approximate yield and quality of water that may be expected in different 
parts of an area. The maps do not by themselves indicate the long-term yield of an 
area or of a hydrologic system, but they do present useful information bearing on 
the yield characteristics of the area. Although the maps are incorporated in reports 
and there is a degree of mutual dependence between the maps and the text, the maps 
have a large measure of utility separate and apart from the report. 
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Maps showing the relation of hydrologic and geologic features include those 
showing (1) the relation of stratigraphy and structure to the occurrence and movement 
of ground water; (2) the relation of geomorphology to the occurrence and movement 
of water; (3) the influence of the geologic environment on runoff characteristics; 
and (4) the configuration of pre-alluvial erosion surfaces and their effect upon the 
hydrologic regimen. One typical map shows by means of contour lines the configu- 
ration of a pre-Quaternary erosional surface. From this map, and a knowledge of 
the topography, areas of thick deposits of water-bearing alluvium may be determined. 

Maps of hydrologic parameters include those bearing on (1) recharge and 
discharge, such as maps showing evapotranspiration, runoff, base flow, ground- 
water flow nets, water levels, and water-level fluctuations; (2) the external boundaries 
of the hydrologic unit or system, including the areal dimensions of the aquifer or 
river basin and the saturated thickness of aquifer materials; (3) characteristics of 
the water-bearing material itself, such as the spatial distribution of permeability, 
transmissibility, and storage properties; and (4) the yield and specific capacity of 
wells; which give an indication of transmissibility. 

Maps showing chemical-hydrologic characteristics and relationships include 
those showing (1) salt-water encroachment in coastal aquifers, and (2) the distri- 
bution of chemical elements in water, or other indices such as specific conductance 
which gives an indication of the chemical quality of water. These types of maps 
generally are prepared in connection with hydrologic reports, but like those in the 
previous category they are often used independently of the report. 

In addition to the maps described previously, the general features of water- 
resources availability or development may be shown on simplified maps for admini- 
strative purposes, for the general information of the lay reader, and for public exhibit. 


APPENDIX I 


LIST OF MAPS EXHIBITED BY THE UNITED STATES OF AMERICA 
AT THE XII GENERAL ASSEMBLY OF THE IUGG 


MAPS SHOWING GENERAL FEATURES AND WATER AVAILABILITY 


1. Ground-water map of the East Providence quadrangle, Massachusetts—Rhode 
Island; scale 1: 24,000; by Allen, W. B., and Gorman, L. A.: State of Rhode Island 
and Providence Plantations, Water Resources Coordinating Board in cooperation 
with U. S. Geological Survey and the Commonwealth of Massachusetts, 1959. 

2. Map of the alluvial and glacial deposits of Cuyahoga County, Ohio, with 
description of their water-bearing properties and showing approximate contours 
on the bedrock surface; scale 1 inch — 1 mile; in The Ground-water Resources in 
Cuyahoga County, Ohio; by Winslow, J. D.: State of Ohio, Department of Natural 
Resources, Division of Water, in cooperation with U. S. Geological Survey, 1952. 

3. Ground-water resources of Osage County, Kansas; scale 1: 82,000; by 
O’Connor, H.G., and others, in Geology, mineral resources, and ground-water 
resources of Osage County, Kansas: State Geological Survey of Kansas in Coope- 
ration with U.S. Geological Survey, vol. 13, plate 3, 1955. : 

4. General availability of ground water and depth to water level in the Arkansas, 
White, and Red River basins; scale 1: 2,500,000; by Burtis, V.M., and others; (OeSe 
Geological Survey Hydrologic Investigations Atlas HA-3, 1953. 


MAPS SHOWING HYDROLOGIC—GEOLOGIC RELATIONSHIPS 


1. Geologic map of the Torrance—Santa Monica area, California, showing 
altitude of base of the water-bearing zones of Pleistocene age and locations of wells; 
scale 1: 31,680; by Poland, J.F., Garrett, A.A., and Sinnott, Allen, in Geology, 
hydrology, and chemical character of ground waters in the Torrance-Santa Monica 
area, California: U.S. Geological Survey 1n cooperation with county: and local 


agencies, Water-Supply Paper 1461, pl. 2, 1950. 
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2. Geologic map of the lower South Platte River valley between Hardin, Colorado, 
and Paxton, Nebraska, showing topography of the rocks beneath the Quaternary 
deposits; scale 1 inch = 2 miles; by Bjorklund, L.J., and Brown, R.F., in Geology 
and ground water of South Platte River valley, Hardin, Colorado, and Paxton, 
Nebraska: U.S. Geological Survey Water-Supply PaperJ378, Plate 1 (sheet I)ISDT- 

3. Map of the San Joaquin Valley, California, showing geomorphic units; 
scale 1 inch = 8 miles; by Davis, G.H., and others, in Ground-water conditions 
and storage capacity in the San Joaquin Valley, California: U.S. Geological Survey 
in cooperation with California Department of Water Resources, Water-Supply 
Paper 1469, Plate 1, 1959. ‘ : 

4. Map showing areal geology and location of wells and springs and depth to 
water in Baca County, Colorado; scale 1 inch = 2 miles ; by McLaughlin, T.G., 
in Geology and ground-water resources of Baca County, Colorado: U.S. Geological 
Survey in cooperation with Colorado Water Conservation Board, Water-Supply 
Paper 1256, Plate 1, 1954. . f : ; f 

5. Map showing the relationship of runoff to altitude in the Wind River Basin, 
Wyoming; scale 1 inch = 12 miles; by Colby, B.R. and others, in Sedimentation 
and chemical quality of surface waters in the Wind River Basin, Wyoming: U.S. 
Geological Survey Water-Supply Paper 1373, Plate 2, 1956. 

6. Water supply, Holidaysburg quadrangle, Pennsylvania; Scale 1: 62,500; by 
Eckel, E.B., and others, 1 sheet in Interpreting geologic maps for engineering pur- 
poses: U.S. Geological Survey miscellaneous maps and charts, 1953. 


MAPS SHOWING HYDROLOGIC FEATURES 


1. Approximate altitude of water levels, in feet, in wells in the Houston district, 
Texas; scale 1 inch = 6 miles; by Wood, L.A., in Pumpage of ground water and 
fluctuations of water levels in the Houston district and the Baytown-La Porte area, 
Texas, 1955-57: Texas Board of Engineers in cooperation with U.S. Geological 
Survey, Bulletin 5805; figs. 11, 12, 13, 1958. 

2. Height of water surfaces in cased wells in Florida, September 1949; scale 1: 
2,850,000 (approx.); by Florida Division of Water Survey and Research, June 1951. 

3. Floods at Topeka, Kansas; scale 1: 24,000; by Langbein, W.B., and others: 
U.S. Geological Survey Hydrologic Investigations Atlas HA—14, 1959. 

4. Location and extent cf irrigated and irrigable lands in the Wind River Basin, 
Wyoming; scale 1 inch = 12 miles; by Colby, B.R., and others, in Sedimentation 
and chemical quality of surface waters in the Wind River Basin, Wyoming: U.S. 
Geological Survey Water-Supply Paper 1373, Plate 9, 1956. 

_ 5. Map of the Baltimore industrial area, Maryland, showing the approximate 
altitude of the artesian head in 1945 and the general pattern of the ground-water flow 
lines in the Patuxent formation; scale 1: 72,000; by Bennett, R.R., and Meyer, R.R 
in Geology and ground-water resources of the Baltimore area: State of Maryland, 
Board of Natural Resources, Department of Geology, Mines and Water Resources 
in Geology and ground-water resources of the Baltimore area: State of Maryland, 
Board of Natural Resources, Department of Geology, Mines and Water Resources 
in cooperation with U.S. Geological Survey, Bulletin 4, Plate 7, 1952. 

6. Map of the Loup River drainage basin, Nebraska, showing the configuration 
of the water table and the location of wells and test holes; scale 1: 500,000; by 
Sniegocki, R.T., and Langford, R.H., in Geologic and ground-water reconnaissance 
of the Loup River drainage basin, Nebraska: U.S. Geological Survey Water-Supply 
Paper 1493, Plate 1, 1959. 

7. Map of the lower South Platte River valley between Hardin, Colorado, and 
Paxton, Nebraska, showing location of wells and springs, depth to water below land- 
surface datum, and water-table contours; scale 1 inch = 2 miles: by Bjorkland, 
Haan ae eee an tse pa See eg of South Platte River valley, 

, Colorado, an axton, Nebraska: U.S. Geological Survey Water- 
Paper 1378, Plate 3 (sheet 1), 1957. i tee ee 

8. Map of the lower South Platte River valley between Hardin, Colorado, and 
Paxton, Nebraska, showing the thickness of the saturated part of the alluvium; 
scale 1 inch = 2 miles; by Bjorkland, L.J., and Brown, R.F., in Geology and ground 
water of the South Platte River valley, Hardin, Colorado, and Paxton, Nebraska: 
U.S. Geological Survey Water-Supply Paper 1378, Plate 4 (sheet 1), 1957. 

9. Map of the San Joaquin Valley, California, showing generalized lines of 
equal depth to ground water as of the spring of 1952; scale 1 inch = 8 miles; by 
Davis, G.H., and others, in Ground-water conditions and storage capacity in the 


S : , Pee : 
pate ice ane California: U.S. Geological Survey Water-Supply Paper 1469, 
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10. Map of the San Joaquin Valley, California, showin nerali 
contours as of the spring of 1952; scale 1 inch = 8 Cy Dae OH ae 
others, in Ground-water conditions and storage capacity in the San Joaquin Valley 
California: U.S. Geological Survey Water-Supply Paper 1469, Plate 15, 1959. : 

11. Map of the San Joaquin Valley, California, showing location of geologic 
and geochemical sections and ground-water storage units; scale 1 inch = 8 miles; 
Ae eee tongue an poe é - eieren conditions and storage capacity in 

in Valley, California: U.S. i ~ é 
1469, Plate 1959. y eological Survey Water-Supply Paper 

2. Map of the San Joaquin Valley, California, showing relative permeabili 
of the soils; scale 1 inch = 8 miles; by Davis, G.H., and oan, in Coe. 
conditions and storage capacity in the San Joaquin Valley, California: U.S. Geolo- 
gical Survey Water-Supply Paper 1469, Plate 29, 1959. 

13. Map of the United States showing principal surface water drainage basins 
and areas of observed saline surface water; scale 1 inch = 60 miles; by Krieger, 
ie oer “Sas se ess aes i beads survey of the saline-water 
esources of the Unite ates: U.S. Geological Survey Water- 
 \pohee oe g y Water-Supply Paper 1374, 

14. Map showing average annual runoff in the New England-New York area; 
scale 1 inch = 10 miles; by Knox, C.E., and Nordensen, C.E.: U.S. Geological 
Survey Hydrologic Investigations Atlas HA—7, 1955. 

15. Map showing location of wells, depth to water, and areas of high evapo- 
transpiration in the lower Lodgepole Creek drainage basin, Nebraska; scale 1: 
127,000; by Bjorkland, L.J., in Geology and ground-water resources of the lower 
Lodgepole Creek drainage basin, Nebraska: U.S. Geological Survey Water-Supply 
Paper 1410, Plate 4, 1957. 


MAPS SHOWING CHEMICAL—HYDROLOGIC RELATIONSHIPS 


1. Availability and chemical quality of ground water and altitude of water in 
wells in Estancia Valley, New Mexico; scale 1 inch = 2'4 miles; by Smith, R.E., 
in Geology and ground-water resources of Torrance County, New Mexico: State 
of New Mexico Bureau of Mines and Mineral Resources; Institute of Mining and 
Technology in cooperation with U.S. Geological Survey, Ground-Water Report 5, 
Pilate 3, 1957. 

2. Chemical quality of water in relation to geology in the Wind River basin; 
scale 1 inch — 12 miles; by Colby, B.R., and others, in Sedimentation and chemical 
quality of surface waters in the Wind River Basin, Wyoming: U.S. Geological Survey 
Water-Supply Paper 1373, Plate 8, 1956. ; ‘ 

3. Geological map of the Wind River Basin, Wyoming; scale 1 inch=12 miles; 
by Colby, B.R., and others, in Sedimentation and chemical quality of surface waters 
in the Wind River Basin, Wyoming: U.S. Geological Survey Water-Supply Paper 
jsioemeliate- 35 1956. ; ; 

4. Map of central California showing geologic features and chemical quality 
of typical surface waters tributary to and typical ground waters in the San Joaquin 
Valley, California; scale 1 inch — 15 miles; by Davis, G.H., and others, in Ground- 
water conditions and storage capacity in the San Joaquin Valley, California: U.S. 
Geological Survey Water-Supply Paper 1469, Plate 2A, 1959. 

. Map of Miami area, Florida, showing isochlors for ground water in wells 
at depths of 40-60 feet and 80-130 feet, January 1947; scale 1 inch = % mile; by 
Parker, G.G., and others, in Water resources of southeastern Florida, with special 
reference to geology and ground water of the Miami area: U.S. Geological Survey 
in cooperation with State, county, and local agencies, Water-Supply Paper 1255, 
Plate 17, 1955. : : : 

6. Mavs showing hardness and chloride and fluoride content of artesian waters 
in the York-James Peninsula, Virginia; scale 1 inch = 10 miles; by Cederstrom, 
D.J., in Geology and ground-water resources of the York-James Peninsula, Virginia: 
U.S. Geological Survey in cooperation with Virginia Geological Survey, Water- 


Supply Paper 1361, Plate As L957. 


MISCELLANEOUS MAPS 


: k diagram of the Carlsbad area, Eddy County, New Mexico; by Johnson, 
Se Be ot Rew Mexico, State Engineer’s Office, Technical Division, June 1954. 
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SOME SELECTED HYDROLOGIC MAPS 


A) GENERAL FEATURES AND WATER AVAILABILITY 
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Le probléme de ]’invasion marine est de la plus haute importance pour le Maroc 
qui s’ouvre largement sur la mer Méditerranée et 1’Océan Atlantique, et dont les 
zones cotiéres constituent des régions vivriéres vouées au maraichage. La plupart 
des grandes villes ayant une activité industrielle sans cesse croissante se situent en 
effet sur les c6tes et les nappes phréatiques cétiéres sont la principale ressource a 
laquelle il est fait appel tant pour l’irrigation que pour les besoins industriels et |’ali- 
mentation humaine. Aussi leur exploitation pour intensive qu’elle soit, est aujourd’hui 
contrélée de prés de facon a éviter |’extension des zones limitées ot |’on constate 
une invasion marine dans la nappe phréatique. 


1. INTRODUCTION 


Compris entre les 28° et le 36° degrés de latitude nord, le Maroc fait partie de 
la zone tempérée chaude. Le caractére aride et semi-aride du climat a été précisé par 
F. JOLY (1958) qui, suivant la méthode de THORNTHWAITE, a montré que les 
zones cétiéres se trouvent pour la plupart dans la zone semi-aride a l’exception du 
secteur Agadir-Tarfaya nettement aride et celui de Rabat-Ceuta-Oued Lau tempéré 
humide (fig. 1 et 2). La hauteur annuelle des précipitations est peu ¢levée (800 mm 
en montagne, inférieur 4 500 mm sur la plus grande partie du pays, en dessous de 
80 mm dans les régions désertiques) et le nombre de jours de pluie est faible (inférieur 
a 100). Dans les zones cétiéres, des brouillards se produisent durant une grande 
partie de l’année. L’hiver est doux et l’été est partout chaud et sec. Le climat du 
Maroc peut se comparer 4 celui des régions situées en bordure des tropiques, entre 
28° et 40° de latitude, dans la partie occidentale des continents; Californie, Chili 
méridional, Afrique du Sud-Ouest. 

Le Maroc présente deux fagades maritimes : l'une atlantique, avec marée, s’étire 
de Tarfaya au Cap Spartel sur 1.300 km; [’autre, méditerranéenne, pratiquement 
sans marées, s’étend de Ceuta a 1’O. Kiss sur 450 km. Il existe peu de cétes trés basses, 
en raison du développement du relief dunaire ancien et fossile. A titre d’indication, 
il y a lieu de préciser que la salure moyenne de l’Océan Atlantique est de 36,200 gr/l 
de résidu sec et celle de la mer Méditerranée de 37,800 gr/l. 


2. DESCRIPTION GENERALE SOMMAIRE. MoRPHOLOGIE ET HYDROLOGIE DES ZONES 


COTIERES 


2.1. Les secteurs de la céte atlantique 
Le littoral atlantique, le mieux connu, a été divisé en sept secteurs principaux 
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qui seront examinés successivement (fig. 1). Les marées sont plus importantes (ampli- 
tude de l’ordre de 3 m) que dans le domaine méditerranéen ou elles sont a peine 
appréciables et leur action dans le phénomene d’invasion marine est sensible parti- 
culiérement dans les zones d’estuaires. 
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Fig. 1 — Cé6tes atlantiques du Maroc. 


1) La zone cétiére saharienne, de Tarfaya au Foum Assaka, est la plus aride 
du Maroc; la moyenne des précipitations sur 10 années est 41,4 mm répartis sur 
13,6 jours avec un maximum journalier moyen de l’ordre de 16,2 mm. La température 
moyenne annuelle (17°) relativement faible pour cette latitude s’explique par le 
passage le long de la céte du courant froid des Canaries (branche du Gulf Stream). 

La céte est basse, le plateau continental relativement large. II n’y a pas de drainage 
superficiel. Le seul estuaire important est celui de l’oued Dra. Quelques lagunes 
s’échelonnent le long de la céte telle celle de Puerto Cansado. 


Les conditions géologiques sont simples : une couverture de calcaires gréseux 
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d°age plio-quaternaire recouvre un substratum crétacé marnocalcaire et marno- 
dolomitique qui au droit de la céte se trouve sous le niveau de la mer. 

Une nappe phréatique pauvre et mal alimentée circule dans le calcaire gréseux 
et a pour substratum les marno-calcaires; étant donné la faible profondeur de la 
nappe (voisine de 5 m), l’évaporation est active. La salure est élevée et la concentration 
dépasse 3 g/l, mais il n’y a pas d’influence marine bien caractérisée. L’eau de la 
nappe est salée originellement et l’influence marine par diffusion se limite 4 une 
frange cétiére de faible importance et aux estuaires. 

2) La zone cétiére de Foum Assaka a Sidi Moussa correspond a l’extrémité 
occidentale de |’Anti-Atlas. La céte est trés élevée, c’est une zone montagneuse bien 
drainée en surface; le plateau continental est ici plus étroit; il n’y a pas d’estuaire. 
Toute la région est formée de terrains cristallins antécambriens, bordée par une frange 
cétiére trés mince de dép6ts quaternaires. 

Il n’y a pas de nappes phréatiques cétiéres a l’exception de quelques nappes de 
sous-écoulements trés localisées. 

3) La zone cétiére de 1’O. Souss s’étend de Sidi Moussa 4 Agadir. La céte est 
basse et rectiligne, le plateau continental assez étroit. Du point de vue morphologique, 
cette zone se caractérise par l’existence de cordons dunaires anciens et actuels; elle 
est mal drainée superficiellement : seuls les oueds Souss et Massa sont parvenus a 
percer les obstacles. 

Du point de vue géologique, ce secteur est formé d’un substratum primaire, qui 
s’infléchit vers le Nord, depuis Tiznit jusqu’a Agadir, sur lequel reposent au Nord 
des formations crétacées. Des dépéts quaternaires (calcaires lacustres, conglomérats, 
sables, dunes anciennes et récentes) qui s’épaississent vers le N., recouvrent |’ensemble. 
Au niveau de la céte, et au débouché de l’oued Souss, le socle primaire se trouve a 
une profondeur supérieure 4 1.000 m, d’ou la possibilité de pénétration de l’eau de 
mer a grande profondeur. 

La nappe phréatique qui circule dans la couverture plio-quaternaire est bien 
alimentée, elle s’abouche a la mer par un front paralléle 4 la céte. Le débit affluent 
& la mer n’est pas connu, mais il est cetainement de l’ordre de plusieurs m 3/s. L’in- 
fluence marine est localisée en bordure et dans V’estuaire de 1’O. Souss. 

Deux exemples d’invasion marine caractérisés l’un par les variations périodi- 
ques du niveau piézométrique de la nappe, l’autre par l’accroissement de la salure 
dans le temps seront présentés plus loin. 

4) La céte du Haut Atlas occidental, d’Agadir au Cap Tafelney, est une céte 
montagneuse élevée au réseau de drainage bien développé; les formations géologiques 
sont a prédominance marneuse et marno-calcaire, donc peu perméables. Une série 
de dépéts plio-quaternaires et récents permet l’existence de mappes phréatiques 
perchées, trés localisées, dont l’eau est douce, sans relation possible avec la mer. 

5) La zone cétitre d’Essaouira (Mogador) a Kenitra (Port-Lyautey), est d’une 
trés grande importance économique; c’est 1a que se trouvent les plus grandes villes 
du Maroc (Safi, Casablanca, Rabat, Kenitra). 

La céte est basse, et se caractérise par la prédominance de reliefs dunaires fossiles, 
le Sahel, et par l’existence fréquente d’une dépression littorale au pied de la falaise 
morte du Quaternaire ancien (Oulja) dans laquelle se fait sentir V’influence marine. 
L’existence de lagunes (Oualidia) et de lacs cotiers (Medhya) est a signaler. Le plateau 
continental atteint ici la plus grande largeur. 

Les pricipaux oueds : Tensift, Oum er Rbia, Bou Regreg, débouchent a Océan 
par de larges estuaires dans lesquelles 1’eau marine remonte au moment de la haute 
mer. Ainsi, dans le Bou Regreg, Ci. Francis-Boeuf (1941) a montré que la marée 
envahit a l’étiage l’estuaire jusqu’a 20 km en amont de l’embouchure. Des courbes 
isohalines, projetées sur le profil du lit de Loued, ont pu étre établies. La variation 
de pente de l’isohaline 30% montre que Vintrusion marine commence par le fond. 
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A mesure que le flot progresse, les isohalines de 5, 10, 15 et 20%, largement espacées 
4 basse mer, sont refoulées en amont en méme temps qu’elles se resserrent. La forme 
des isohalines est plus réguli¢re au moment du jusant, période pendant laquelle les 
courants fluvial et marin sont de méme sens. La nappe des alluvions subit l’influence 
de Vinvasion marine de l’estuaire. 

Dans ce domaine de la Meseta, le socle primaire est peu profond. La couverture 
est formée de calcaire gréseux essentiellement plio-quaternaires au Nord de l’Oum 
er Rbia. Les sédiments marneux miocénes prennent de l’importance a partir de 
Rabat et vont en s’épaississant vers le Nord, sous la plaine du Rharb. 

Une nappe phréatique a peu prés générale circule a la fois dans les formations du 
Primaire (schistes, quartzites, psammites), dans les niveaux calcaréo-gréseux d’ages 
pliocéne et quaternaire et s’abouche généralement a l’Océan. Le bassin d’alimentation 
de ces nappes est restreint, et l’exploitation est forte, parfois méme démesurée (dans 
l’Oulja en particulier et les zones maraichéres des environs des grandes villes). L’eau 
est le plus souvent de mauvaise qualité chimique, méme si elle ne subit pas l’influence 
de la mer; le faciés, méme quand l’eau est peu concentrée, est chloruré sodique avec 
prédominance du calcium sur le magnésium. 

En dehors de quelques cas spéciaux, l’invasion marine se traduit sur la céte par 
la présence d’une pellicule d’eau douce sur de |’eau salée dont |’extension ne dépasse 
pas 1 km. 

L’influence marine est toutefois moins grande qu’on pourrait le croire, car les 
eaux sont partout plus ou moins salées dans ces régions (surtout dans les schistes). 
La surexploitation a provoqué une invasion particuliérement nette dans les Zenata 
(secteur Casablanca-Fedala), ot a la suite d’irrigations intensives avec des eaux de 
plus en plus salées, les cultures maraichéres ont disparu, laissant toutefois sub- 
sister quelque temps |’artichaut et le chou; des céréales pauvres non irriguées ont été 
cultivées ensuite pour laisser la place aujourd’hui a des plantes halophiles. 

6) La céte de la Plaine du Rharb est une céte rectiligne assez basse bordée de 
dunes fossiles quaternaires. Le plateau continental se rétrécit, puis conserve une 
allure constante jusqu’a Tanger. Le drainage superficiel est mal assuré, comme en 
témoignent l’allure du cours du Sebou accentué de méandres, et la présence de nombreux 
lacs sans émissaires. L’arriére-pays est un bassin de subsidence a remplissage sablo- 
argileux plio-quaternaire dont |’épaisseur varie de 100 a 250 m, reposant sur des 
marnes miocénes qui constituent le support imperméable. Le socle primaire au centre 
de la cuvette se trouve 4 une profondeur supérieure 4 4.200 m. 

La nappe phréatique, pauvre, salée et quasi-stagnante, est soumise A une intense 
évaporation. Des niveaux aquiféres sous-jacents comportent une nappe captive 
n’ayant pas d’indépendance réelle, de bonne qualité, exploitée en de nombreux 
points (module d’exploitation de l’ordre de 0,4 I/s par km2). 

La subsidence marquée au centre de la plaine au-dela du Sahel constitue un 
facteur favorable a l’intrusion marine. Cependant, le phénoméne d’invasion reste 
localisé. Un exemple, repris plus loin, a été choisi suivant un profil W.N.W.-E.S.E. 
passant par 5 forages de reconnaissance (fig. 7), dans la bande cétiére qui s’étend 
jusqu’a Si Allal Tazi. 

Plus au N. dans le secteur du bas Loukkos, l’invasion marine n’est pas marquée, 
mais étant donné la structure géologique, des pompages intensifs améneraient fata- 
lement une contamination des eaux douces par les eaux salées. Ce secteur riche en 
eaux souterraines est actuellement mis en valeur avec toute la prudence qui s’impose. 

dD La céte Tifaine atlantique est caractérisée par l’apparition des nappes de 
charriages constituées principalement par des formations marneuses. La céte est ici 
plus élevée et plus découpée. Les estuaires sont nombreux, larges et marécageux 


(oueds Loukkos et Marhar). Localement un relief dunaire apparait (Arcila) avec 
bassins fermés (Chorf el Akab). 
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Les terrains 4 faciés flysh des nappes rifaines sont en général imperméables 
Quelques nappes perchées dans les calcaires gréseux du Plioquaternaire cétier SS 
peuvent étre influencées par la mer. Les nappes phréatiques des basses vallées sont 
par contre salées par suite de la pénétration de la mer dans les estuaires. 


2.2. Les secteurs de la céte méditerranéenne 


La — méditerranéenne ne se préte généralement pas, en raison de sa nature 
élevée a l’existence d’invasion marine. Elle a été divisée en 2 secteurs (fig. 2). 
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Fig. 2 — Cétes méditerranéennes du Maroc. 


1) La céte rifaine (de Tanger 4 Melilla) est une céte montagneuse élevée, sans 
estuaires. Quelques plaines cdti¢res alluviales peu étendues (Rio Martin, Oued Lau, 
Nekor) sont mal drainées. L’arriere-pays est formé par les terrains primaires de la 
zone axiale a l’W., par le flysch imperméable a I’E, et, localement, les Bokoyas 
calcaires favorisent l’existence de nappes de type karstique, pouvant s’aboucher a 
la mer. Il n’existe pas de nappes phréatiques étendues. Quelques nappes circulent 
dans les alluvions des oueds cétiers; elles s’écoulent mal, leurs eaux sont salées ou 
séléniteuses a l’origine et elles ne paraissent subir V’influence marine que trés loca- 
lement, comme dans les plaines de lO. Nekor ou du Rio Martin. 

2) La céte du Maroc oriental s’étend du cap des Trois Fourches a V’oued Kiss. 
Le climat a un caractére subaride. La céte est basse et offre une grande lagune, la 
Sekra Bou Areg (ou Mar Chica) dont l’eau est aussi salée que celle de la mer. Il n’y 
a pas d’estuaires, mais une seule embouchure importante, celle de 1’O. Moulouya. 

L’arriére-pays est constitué par des bassins quelquefois subsidents (W. du 
Gareb). La zone cétiére de Saidia est isolée de l’arriére-pays (Triffa) par les collines 
marneuses d’Ouled Mansour; les écoulements se font par les oued Moulouya et Kiss. 

Les nappes phréatiques sont pauvres. Dans le Gareb, l’alimentation est faible 
et les eaux sont trés salées (concentration supérieure 4 3 gr/l méme a V’amont). Les 
pompages dans la zone cétiére ont considérablement rabattu la nappe dont la courbe 
isopiéze d’altitude O s’étend jusqu’a 4 km a Vintérieur des terres. L’invasion marine 
se manifeste par une concentration supérieure a 15 gr/l dans la zone cdtiere (fig. 8). 
Dans la région de Saidia aussi, la salure est accentuée par les pompages et se fait 


sentir jusqu’a 2 km a Vintérieur des terres. 
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3. FAITS D’OBSERVATION 


Quelques exemples d’invasion marine pris le lgng des cétes atlantiques et 
méditerranéennes du Maroc, de la région d’Agadir a celle de Saidia ont été choisis 
en raison de leur intérét pratique. Dans la plupart des cas, l’invasion de la mer se 
traduit ala fois par une augmentation de salure et une variation du niveau de la nappe 
provoquée par les marées. Quelquefois l’intrusion d’eau marine dans l’eau continen- 
tale est déterminée par l’action humaine. Les moyens de remédier a cette invasion sont 
difficiles A trouver, l’eau douce qu’il faudrait injecter pour refouler les eaux marines 
devrait étre amenée de trés loin. De plus les sols ont été décalcifiés et détériorés a 
tel point que leur régénération parait impossible. 


3.1. Secteur d’ Agadir 


L’invasion marine est manifeste 4 Agadir. Les mouvements de la marée affectent 
le niveau de la nappe phréatique et modifient la salure. Le graphique de la fig. 3 met 
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en évidence les différents facteurs qui expriment l’intrusion des eaux océaniques. 
L’infiuence de la marée sur la nappe phréatique peut étre suivie grace aux limnigraphes 
placés sur trois piézométres situés en bordure de l’oued Lahouar (oued ne subissant 
pas l’influence marine) respectivement 4 500, 700 et 1000 m du rivage (fig. 4). Sur le 
graphique ont été représentés pour la période allant du 16 mars au 2 avril 1959 les 
mouvements de la marée, les fluctuations du niveau de l’eau dans les trois piézométres 
et enfin la courbe des volumes d’eau prélevés dans le sondage A.G. 3 (a la variation 
desquels le piézométre P 3 est trés sensible). 

Un exemple d’invasion nous est encore fourni par le «drain des dunes» utilisé 
pour |’alimentation en eau d’Agadir (cf. carte fig. 4). Ce drain n’était a l’origine qu’un 
puits dont la salure a considérablement augmenté depuis sa mise en service. 

La teneur en sel (en mg/l de Cl) de la nappe phréatique des dunes a suivi l’évo- 
lution suivante par la branche E du drain : 


Février 1932 225:5 
Juin 1945 514,5 
Mars 1950 466 
Novembre 1954 530 
Mars 1956 566 
Avril 1956 575 
Octobre 1958 592 
Janvier 1959 600 


La branche W a livré jusqu’au mois de janvier 1959, date 4 laquelle sa fermeture 
fut décidée, des eaux dont la teneur en ion Cl est passée de 2.632 mg/l en octobre 
1958 a 3.020 mg/l en janvier 1959. 

L’augmentation de la salure a pour origine un recul du rivage consécutif a la 
construction du port. Les fonds et le rivage se sont déplacés vers V’E. d’une distance 
de 80 m environ dans la période allant de 1944 a 1956. La branche W. du drain a 
été la premiére affectée, étant donné sa proximité du rivage (100 m). La salure est en 
relation étroite avec la pluviométrie, mais ne semble pas étre liée aux débits qui sont 
restés sensiblement constants (40 1/s). 

L’influence de la marée est nette sur la branche W. du drain et la salure exprimée 
en g de Cl Na/I fut du 23 au 24 mai 1959 


Haute mer es} 
Basse mer 1,18 
Haute mer 1,26 
Basse mer 1522 
Haute mer 1,28 
Basse mer 1,22 


Cette influence de la marée sur la nappe phréatique a pu d’autre part étre mise 
en évidence par les limnigraphes installés dans 3 piézométres implantés a 500, 700 
et 1.000 m du rivage (fig. 4). 

Ainsi il a été constaté dans le drain des dunes proche du rivage et dans les forages 
(situés A 1 km) qui exploitent Y’eau de la nappe phréatique pour l’alimentation en 
eau d’Agadir que la salure allait sans cesse en augmentant et que dans cette action, 
la marée avait une responsabilité évidente. L’eau de la mer tendant 4 se substituer 
A l’eau de la nappe dans le secteur cétier, de nouvelles ressources sont a rechercher 


a Vintérieur des terres. 
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3.2. Zone cétiére du Sahel 


Deux exemples ont été relevés dans la zone du Sahel dans des calcaires gréseux, 
Tun dans la plaine cétiére de Oualidia, l’autre au S.E. d’El Jadida (Mazagan). La 
fig. 5 permet de suivre l’allure de l’interface théorique. La nappe marine stabilisée a 
la cote O s’infléchit rapidement vers [’intérieur. La superposition de |’eau douce sur 
l’eau salée est nettement visible dans les deux puits représentés qui ne font pas l’objet 
de pompages intensifs. L’exemple d’El Jadida (Mazagan) montre le développement 
de l’influence océanique favorisé par le régime karstique de la nappe et par les pom- 
pages importants qui dépriment la nappe en dessous du niveau de la mer. La propa- 
gation marine s’étend, a l’altitude O, a une distance de 2,5 km environ a l’intérieur 
des terres. Le puits municipal situé a 1,125 km du rivage accusait en 1931 une salure 
de 281 mg/l de Cl Na qui atteignait 1.120 mg/l en 1948. 
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a Rabat sous l’influence des marées. Sondage de KHEBIBAT n° 1098/13 d’aprés 
R. HAZAN. igs 


3.3. L’intrusion marine dans la region de Rabat , 


a) Un forage (fig. 6 bis) exécuté par le service des Antiquités dans les formations 
calcareo-gréseuses (avec passées sableuses et conglomtératiques) d’ages pliocéne et 
quaternaire, a permis d’intéressantes observations (29 et 30 janvier 1959). Ce forage 
effectué dans le quartier Kebibat, 4 20 m du rivage, a été l’objet d’investigations 
soigneuses. Des prélévements d’échantillons d’eau ont été faits aux profondeurs de- 
10 et 20 m a intervalles de temps réguliers pendant que les variations du niveau pié- 
zometrique étaient relevées (R. HAZAN, 1960). Les résultats ont été reportés sur 
diagramme (fig. 4). Ce graphique détaillé montre que : 

— a un niveau donné, la qualité chimique de |’eau varie rapidement, 

— la variation de la concentration en sel est une fonction sinusoidale du temps 
dont la période a la méme valeur que celle de la marée, 

— il y a un déphasage normal : les courbes des concentrations accusent un 
retard sur le mouvement de la marée (2 a 3 h). Ce retard s’accroit en profondeur, 

— l’amplitude de la concentration en sels augmente également avec la profon- 
deur : 24g/l 2-10 m, 31 g/l a-20 m, 

— le plan d’eau dans le sondage suit rigoureusement la méme évolution que 
la marée. Seule l’amplitude du mouvement est différente (10 fois moins environ). 

b) D’autres forages, exécutés en 1960 suivant une ligne perpendiculaire au rivage, 
ont permis de préciser la répartition de l’eau salée et de l’eau douce. Les premiers 
résultats obtenus (juin 1960) sont traduits sur la coupe de la figure 9. Les lignes 
d’égales salures montrent que pour les trois premiers forages, l’accroissement de 
salure est régulier. Le forage situé a 500 m de |’Océan, par contre, fait apparaitre 
une augmentation brutale de la salure (exprimée en g/l de Cl) de 0,4 a 12,4. C’est le 
seul endroit ol une interface sensu stricto puisse étre mise en évidence. 

4) La zone cétiére de la Plaine du Rharb constituée de calcaires gréseux plio- 
quaternaires coupés d’épisodes graveleux, sableux ou argileux reposant sur des marnes 
mio-pliocénes, inclut des eaux souterraines dont la disposition a été étudiée par 
forages. La répartition des eaux douces et salées apparait avec netteté. La fig. 7 
représente la coupe des terrains d’aprés les forages exécutés suivant une ligne perpen- 
diculaire au rivage. Entre deux anciens cordons dunaires, le sol argileux d’une dépres- 
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sion marécageuse (merja) fait obstacle a l’infiltration des eaux météoriques; des 
travaux de drainage ont di étre réalisés pour faciliter leur évacuation. Les dunes 
sont bien alimentées par les pluies et il se forme un important réservoir d’eau douce, 
capable de refouler les eaux marines. Des prélévements d’eau a différents niveaux 
ont montré que la salure s’accroit rapidement a l’approche de l’eau salée. En moins 
de 10 m a la verticale, la salure passe de 2 a 10 g/l. La remontée de la nappe salée 
constatée dans le forage 346/8 est due 4 un pompage prolongé. L’interface est donc 
nettement localisée. 

5) Sur la c6te méditerranéenne et en bordure de la Sebkha Bou Areg (Mar Chica) 
la plaine cétiére offre un remarquable exemple de dépression de la nappe phréatique 
survie d’invasion marine. Sur la carte de la surface piézométrique (fig. 8), les pompages 
intensifs se traduisent par des entonnoirs caractéristiques. La salure, exprimée en 
résidu sec, est représentée par des courbes d’égale concentration. La courbe isopiéze 
d’altitude O embrasse une vaste surface et s’étend a 2,5 km a J’intérieur des terres; 
la salure consécutive a encore la valeur 6,5 g/l 4 1,5 km. Le maximum _ observé est 
de 11 g/l. 


SEBKHA 


BOU AREG 
MAR CHICA) 


Courbes ssopiézec 


— Martresse (équidistonce 5m) ‘(asa Fae 2 g// 
2. Normale iC. * : Im) feel Bea), 
ee Intercolaire( " " 05m) Ea] ihe Us 
1 Altitude dela surface ° os tam) of) 2 6.59) 
piszometrigue en Mm ae 
reel : : 4 
Fig. 8 — Dépression de la nappe phréatique et invasion d’eau de mer dans la 


plaine coti¢re de Bou Areg (région de Nador) d’apres M. DEREKOY et 
F. MORTIER. 


4. CONCLUSIONS 


Ces premiers faits d’observation permettent de tirer quelques conclusions sur 
Vinfluence de l’intrusion marine. ; 

1) L’observation des graphiques établis pour le secteur d’Agadir, montre save 
chaque onde de marée provoque une fluctuation de méme période du niveau d’eau 
de la nappe, mais de faible amplitude (maximum observé de l’ordre de 5 cm) et 


retardée. 
Il apparait aussi que les mouvements de la marée affectent la nappe a plus de 


1 km a V’intérieur des terres. Ge Re 

2) Le second exemple pris dans le secteur Oualidia-El Jadida montre que Vin 
vasion marine existe indépendamment de l’intervention humaine, mais qu ane 
été favorisée par la nature karstique de la roche-réservoir et des pompages intensils. 
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3) Le cas observé dans le quartier Kebibat 4 Rabat met en évidence les points 
ou invasion est la plus intense : base et sommet des bancs calcaréo-gréseux et la 
ou elle est la moins nette : niveaux conglomératiques, sables, graviers, galets..., 
bien que ceux-ci se situent a la base du forage. Cette différence tient essentiellement 
au caractére de perméabilité qui est du type «en grand» dans les calcaires gréseux 
et «en petit» dans les autres horizons. 

La concentration augmente avec la profondeur. II n’est pas possible, toutefois, 
de localiser dans ce forage l’interface séparant les zones d’eaux douces et d’eaux salées. 

Des observations de la fluctuation du niveau d’eau dans le forage, il a été possible 
de déduire également les valeurs de la transmissivité et le coefficient d’emmagasinement 
(storage coefficient) des terrains calcaréogréseux (R. HAZAN, 1960). 

4) Dans la zone cétiére de la Plaine du Rharb, une série de forages alignés 
perpendiculairement 4 la mer présentent une répartition verticale de la salure. 
L’interface de séparation entre les eaux douces et salées n’apparait pas clairement, 
et le résidu sec passe trés rapidement de 2 g/l a 10g/I. 
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5) Sur le littoral méditerranéen, la plaine de Bou Areg offre encore un exemple 
d’invasion marine due a des pompages intensifs. Une carte détaillée permet de suivre 
Vampleur de cette intrusion. 


5. CONCLUSION 


Malgré quelques structures hydrogéologiques favorables et le débit généralement 
faible des nappes d’eau souterraines des zones cétiéres du Maroc, |’invasion marine 
le long des cétes ne revét pas l’importance que l’on pouvait attendre. L’eau salée en 
bordure de mer est souvent concentrée a l’origine et n’est souvent que l’aboutis- 
sement normal d’un enrichissement acquis au cours du trajet souterrain. La con- 
tamination peut €tre également provoquée par les pompages intensifs auxquels il a 
été déja fait allusion. 

La présente note s’est attachée surtout a exposer des faits d’observations sans 
prétendre apporter pour le présent des résultats quantitatifs. Les études relatives a 
ce domaine de grand intérét théorique et pratique, ne sont encore qu’amorcées au 
Maroc, et elles doivent se développer dans un proche ayenir. 
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METHOD OF COMPILING HYDROGEOLOGICAL 
MAPS IN SCALES 1 : 1,000,000 — 1 : 500,000 AND 
1: 200,000 — 1: 100,000 


M.E. ALTOVSKY and N.A. MARINOV 


SUMMARY 


1. On ground of long-term practice in compiling maps and due to a wide discus- 
sion, that took place in recent years, in USSR is at present accepted a single method 
of compilation of hydrogeological maps in scales 1 : 1,000,000 —1 : 500,000 and 
1: 200,000 and 1 : 100,000. ; , 

2. Hydrogeological maps are the most convenient graphic form for reflecting the 
distribtion of underground waters, the conditions of their feeding, movement and 
discharge. 

33 ot hydrogeologists, as for persons studying, first of all, the natural conditions 
of the origin and formation of underground waters, most important are hydrogeolo- 
gical maps in scales 1 : 1,000,000 — 1 : 500,000 and 1 : 200,000 — 1 : 100.000, as, 
namely, maps of such scales allow under a thorough regard of general hydrogeological 
conditions, to give practical recommendations in relation to the use of underground 
waters for various needs of industry, of municipal and agricultural economy or for 
the struggle against them in mining or in drainage of lands. 

4. The practice of elaborating hydrogeological maps, both for mountaineous 
folded regions and for platforms, shows that a hydrogeological map must be compo- 
sed of a hydrogeological map proper, of hydrogeological cross sections, done in two, 
directions characteristic in hydrogeological relation and of a small, as to volume 
explanatory note. 

5. As a rule, the hydrogeological map must be elaborated on a single leaf. In 
presence of a great number of aquifers on one of the territories, it is desirable to 
compile supplementary leaves. 

6. The hydrogeological map is elaborated on ground of a geological map in the 
same scale or in a greater one. 

7. Upon hydrogeological maps are shown: the distribution of aquifers (or com- 
plexes) with age indication of water-containing rocks, as to their stratigraphic be- 
longing; feeding, movement and discharge of underground waters, their quantity, 
qualities, depth of bedding, and also water proof rocks, having regional distribution. 

8. The load of a hydrogeological map consists in conventional signs, that charac- 
terize : the distribution of aquifers (or complexes); their position and depth of bedding 
in geological structures; feeding conditions; movement direction and discharge places 
of underground waters; typical water points that give a notion about the quantity 
and quality of underground waters, and also of the depth of their bedding and head 
pressures, and, finally, in a series of conventional signs, that underline the influence 
of certain geological, hydrogeological, congelation factors and of engineering con- 
structions upon conditions of feeding, regime and balance of underground waters. 

9. Upon hydrogeological cross sections are shown in depth: the distributions of 
aquifers and of thick water proof series, the head pressures of underground waters, 
their quantity, mineralization and temperature. 

_ 10. The explanatory note is a supplement to the hydrogeological map. In it is 
given information about underground waters, that have not found any reflexion or 
are insufficiently reflected upon the hydrogeological map in the cross sections. Besides, 
in the explanatory note is given a generalization of hydrogeological laws and a well- 
grounded forecast upon the utilisation of underground waters or on the struggle 
against their harmful action. 


11. Conventional signs on hydrogeological maps and their illustrative specimens 
are given as an annex to the report. 

12. For resolving separate practical questions, it is recommended to elaborate, 
for instance, maps of bedding depths; of hydroisopiestics; of underground water 
reserves; hydrochemical maps, and also maps of special aims for meeting the specific 
requirements of separate branches of national economy. 
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MAIN PRINCIPLES AND METHODS OF 
COMPILING SURVEY (small scale) 
HYDROGEOLOGICAL MAPS OF USSR 


V.I. DUKHANINA and N.A. MARINOV, M.V. CNURINOV 


SUMMARY 


1. Small-scale hydrogeological maps in USSR are compiled in order to clear 
up the general formation and distribution laws of undderground waters, both upon 
the whole territory of USSR and in the limits of its separate great regions, that have 
vast impartence in national economy or that present interest in relation to science. 

2. In this aim, during recent years the All-Union Scientific Research Institute 
of Hydrogeology and Engineering Geology (VsEGINGEO), the USSR Ministry of 
Geology and Conservation of Mineral Wealth, in collaboration with industrial orga- 
nisation of the latter, have compiled a ground water map of the European part of 
USSR (scale 1 : 1,500,000); a map of the principal aquifers for the same territory 
and in the same scale, the principles of compiling a survey hydrogeological map of 
USSR (scale 1 : 2,500,000) and begun this work. 

3. At base of compiling the indicated maps is laid the principle of a complex 
regard of natural factors that influence the formation and distribution of underground 
waters (climate, geomorphology, stratigraphy, tectonics and so forth). 

Due to this, the hydrogeological maps, already published and prepared for 
publication, are elaborated, as a rule, on a previously prepared geological basis. The 
aquifers or complexes, discerned on the maps, are shown in the same colours and 
marked by the same geological indexes as the rocks of corresponding age on the 
geological maps of USSR. Such a method of elaborating survey hydrogeological maps 
allows to elucidate more clearly and to underline the dsitribution and formation 
features of underground waters in dependence on the composition of water-containing 
rocks and geostructural factors. 

4. The ground water map of the European part of USSR is done on three leaves. 
It reflects recent data on the distribution, bedding depth and mineralization of ground 
waters upon this territory and allows to clear up the principal laws of their change in 
meridional direction with a discerning of corresponding latitudinal zones in bedding 
depth and mineralization. ; 

5. The map of the principal aquifers in the European part of USSR gives a 
notion about the distribution of aquifers upon this territory, the water of which can 
be used for industrial and agricultural water alimentation. The accepted system of 
conventional signs allows to reflect upon the map information about up to three 
aquifers, situated stage-wise. ; ? 

: 6. The elaborated principles of compiling a hydrogeological map of USSR in 
scale 1 : 2,500,000 allows to reflect upon it the principal distribution and formation 
laws of ground-waters and deep-seated underground waters upon the entire terri- 
ory of the country. 

: oe The Sapa system of conventional signs for each map allows to reflect the 
specific character of hydrogeological conditions in separate regions and to make a 
division of USSR _ into hydro sealonical nee Ons oe es strength of all the geologic- 
omorphological and other natural factors. ; pret 
pas find ye application in resolving practical aims and various scienti- 
i FeO USSR, certain scientific institutions compile small-scale maps, according 
to other methods, that ensue from the necessity of resolving special problemes or 
from the points of view of certain scientists upon hydrogeological mapping. 
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TYPES OF HYDROGEOLOGICAL MAPS 
COMPILES DURING INVESTIGATION OF 
ARTESIAN BASINS OF PLATF ORM TYPE 


B.F. MAVRITZKI 


SUMMARY 


When the artesian basin, composed by a number of aquifers and water bearing 
rock complexes divided by thicknesses of relatively waterproof rocks is investigated, 
it is necessary to describe characteristic features of hydrogeological conditions. They 
are as follows : distribution within an area and depth of deposition of main aquifers 
and complexes; water abundance and the nature of pressure alterations; hydrogeo- 
chemical zonality; composition of gases dissolved in the water; specific trace elements 
of underground waters; distribution of mineral (medicinal) and thermal waters; 
the prospecting for oil — gas bearing; etc. : ; 

The characteristic features of the above mentioned conditions must be given in a 
most condensed and complete way. The method of map series compilation is most 
convenient in this case. 

We distinguish five main map types. On the first type we plot depth of every 
aquifer deposition zones of different water abundance and stream course of isopiestic 
lines (maps of hydrodynamic elements). The data of the chemical and gas composition 
of every aquifer and the singling of the specific zones are plotted on the maps of the 
second type (maps of hydrogeochemical zonality). The zones of geotemperature, the 
zones of mineral water development and the perspective regions of oil — gas bearing 
are plotted on the maps of the third type (maps of special designation). Maps of the 
fourth type are maps of hydrogeological regional division, compiled on the basis of 
the above mentioned types (synthetic maps). Finally, the fifth type are paleohydrogeo- 
logical schemes compiled for every period of the geological history of the artesian 
basin development or for the crucial moment in its development. 

These schemes give a picture of the spatial destribution within a basin and the 
correlation of the main two types of the underground waters according to their origin : 
sedimentary, connected with the sea environment (generally chloride-magnesium- 
natrium) and infiltrated connected with the mainland environment (generally hydro- 
carbonate sulfate-natrium and calcium). The paleohydrogeological map - schemes 
help to understand the process of the artesian basin hydrogeological development and 
explain modern hydrochemical zonal distribution. 

Very often it is useful to compile map sections after definite depth intervals 
(500, 1000 m, etc). A gradual fading of hydrodynamic activity and spatial alteration 
of hydrogeochemical zones is vividly exposed on these maps. 

The scale of the above mentioned maps is differend and depends on the degree 
of the artesian basin studies and the necessary detailing of the hydrogeological 
conditions. The usual scale of the maps is from 1 : 2.500.000 to 1 : 500.000. The map — 
sections (scale 1 : 200.000 and 1 : 100.000) are compiled for the better studied regions 
important from the practical point of view. 

The hydrogeological sections, crossing the artesian basin along two or three most 
characteristic directions are compiled as an addition to maps of the accepted scale. 

A summary table (or a number of tables) is applied to maps and sections. Here 
the singled hydrogeological regions are fully characterized by figures and a short ex- 
planotary text. 

A series of maps and sections (scale 1 : 2.500.000) was compiled for the Irtish ar- 


tale basin (its area is more than 300.000 km®*), according to the above mentioned 
scheme. 
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occupied by weekly mineralized waters is shown on the map schemes for the depth 
of 1.000 — 1.500 — 2.000 and 2.500m. 

The correlated paleohydrological schemes reflecting the process of the basin 
development give a picture of the alteration of borders and the thickness of separate 
hydrogeochemical zones from Jurassaic to modern time. 

Taken together; maps, sections and tables give a full picture of hydrogeological 
pe eauons of the Irtish artesian basin. An explanatory note must be as short as 
possible. 
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AREAL HYDROGEOLOGICAL MAPPING OF 
SOME PARTS OF THE EAST SIBERIA 


V.G. TKACHUK and E.V. PINNEKER 


SUMMARY 


The great variety of hydrogeological conditions is characteristic of the East 
Siberia. 

Extensive artesian basins of platform type, foldmountain areas, hydrogeological 
massifs and intermountain depressions, etc, are available there; considerable area is 
covered with permafrost. Certain parts of East Siberia can be typical ofjects of the 
hydrogeological mapping. 

Two areal hydrogeological maps of Irkutsk district and Irkutsk coal basin are 
represented. The scale of the former is 1 : 1500000, that of the latter 1 : 1000000. Both 
maps show hydrogeological conditions of geologically different regions-Siberian plat- 
form and its foldmountain marginal zone. 

Main water-bearing formations both directly below the surface and deep-lying 
ones are shown on the map of Irkutsk district. Typical wells and well springs charac- 
terize the depth of underground water deposit, their chemical composition and water 
capacity of rock. The thickness of permafrost and the depth of occurrence of fresh under- 
ground water fit for water-supply are shown by isolines and shading, respectively. 

The map of Irkutsk coal-basin gives an idea of the main water-bearing formations, 
water-capacity of rocks and underground water mineralization of the upper strata of 
geological section. The lower underground water is shown on the vertical hydrogeolo- 
gical sections. 

Both maps represent the hydrogeological regions. 

The methods of hydrogeological mapping in East Siberia depend not only on the 
survey scale, geological structure and the object of study, but these do also on the 
extent to which the territory is inhabited and on the abundance water wells. 
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SUR L’IMPRESSION DES CARTES DE LA VEGETATION 


G. LACLAVERE et J. DEJEUMONT 
Institut Géographique National — Paris 


L’admirable qualité des reproductions d’oeuvres de maitres que les éditeurs 
d’art livrent au public m’a conduit 4 envisager si les progrés techniques de |’impri- 
merie ne pourraient permettre de publier plus rapidement et a un moindre prix les 
nombreuses cartes spéciales riches en couleurs par lesquelles les savants de mainte 
discipline expriment le résultat de leurs travaux, de leurs recherches, de leurs enquétes. 

C’est le résultat d’études auxquelles mes ingénieurs ont procédé que je vrais 
brigvement exposer, études dont le but idéal serait la reproduction directe par sélection 
de couleurs d’une maquette mise au net dans les teintes choisies par l’auteur. 

Nous allons essayer de montrer que le choix de ces teintes n’est pas indifferent 
et qu’une étroite collaboration entre les auteurs de cartes spéciales et les techniciens 
chargés de les reproduire est nécessaire si l’on veut réduire les frais de publication 
ainsi que les temps d’exécution. 

Ce qui va étre dit s’applique aux cartes de la végétation, mais peut, sans extra- 
polation téméraire, s’appliquer aussi bien a toute carte imprimée en de nombreuses 
couleurs. 

C’est en 1946 que le Service de la Carte de la Végétation a confié a 1’1.G.N. 
l’exécution de la premiére carte de la végétation a l’échelle du 1/200.000 et les trois 
premiéres feuilles publiées furent celles de Toulouse, Perpignan et le Puy. Elles furent 
imprimées sur machine plate avec autant de planches d’impression qu’il y avait de 
couleurs sur le modéle : 


Toulouse : 17 couleurs 
Perpignan : 21 couleurs 
Le Puy : 20 couleurs. 


Afin de diminuer le nombre des planches d’impression, et partant le prix de 
fabrication, l’I.G.N. a étudié une charte de couleurs. Cette charte, établie de fagon 
empirique, permet d’obtenir 720 teintes différentes a partir de 6 couleurs de base 
(2 systémes : bleu-rouge-jaune et orange-vert-violet approximativement complémen- 
taires) et d’un gris supplémentaire par V’emploi de trames lignées a pouvoir imprimant 
différent (on définit ainsi le pourcentage de blanc laissé par la trame apres impression, 
qui dépend de la largeur des lignes et de leur espacement). La charte, tout en couvrant 
la totalité du spectre, est pauvre dans les tons violets et verts. Elle est riche dans les 
orangés. L’addition du gris dans certaines des teintes pour les rendre plus sombres 
a pour résultat de les salir. 

Une autre charte, étudiée également par V’I.G.N. donnant 1368 teintes, n’a 
jamais été utilisée. 

Cette charte contient les 720 coloris de la premiére charte auxquels on a ajouté 
648 coloris nouveaux obtenus avec les combinaisons ternaires suivantes non utilisées 
dans la premiére charte : 

— rouge-jaune-orange 
— vert-violet-bleu 
— rouge-orange-violet 
_— yert-jaune-bleu 
— rouge-violet-bleu 
— vert-jaune-orange. 
Ces combinaisons sont intéressantes et pourraient étre imprimées sans difficulté 
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supplémentaire, puisqu’elles utilisent les mémes couleurs fondamentales et les mémes 
trames. . 

Les six feuilles suivantes de la carte de la végétation ont été publiées en utilisant 
la charte des couleurs. On peut se rendre compte que le nombre des planches (y 
compris le noir et le fond bistre) a diminué de moitié = 


Mont de Marsan’: 12 planches 


Beni Abbés : 8 planches 
Alengon : 11 planches 
Bosquet Mostaganem :10 planches 
Montauban : 11 planches 


Guelt-es-Stel Djelfa : 12 planches. 


En dépit du progrés réalisé, la solution fournie par la Charte des couleurs n’est 
pas entiérement satisfaisante. D’abord certains auteurs se sont plaints de ne pas 
trouver dans la gamme de teintes qui leur est offerte, les tons qu’ils désirent. Les 
géologues ont fait maintes fois leurs améres doléances a ce sujet. 


Mais, surtout, les corrections dues aux erreurs des dessinateurs, inévitables 
étant donné la complexité du dessin, sont fort cofiteuses, la vérification est longue 
et 1’'I.G.N. s’oriente vers une solution différente dans laquelle l’auteur établirait une 
maquette au net, finement dessinée (le dessin étant ou pouvant étre exécuté par 
1’I.G.N.), coloriée dans les teintes conventionnelles, au pinceau avec des couleurs 
spécialement étudiées en vue de leur reproduction fidéle, par simple trichromie, les 


planches de la topographie et des contours venant s’imprimer en surcharge sur le 
fond en couleur. 


Il est évident qu’en multipliant le nombre des couleurs de la sélection, on pourra 
obtenir un résultat plus satisfaisant qu’avec une simple sélection trichrome, mais 
le coat de la sélection augmente paraboliquement avec le nombre de couleurs, et les 
frais d’impression quasi proportionnellement au nombre de planches. Il y a donc 
grand intérét a rechercher des teintes et des couleurs (gouaches, encres) qui permettent 
de donner satisfaction aux auteurs, avec une sélection trichrome. 


Un premier essai de reproduction en trichromie a été fait sur une maquette d’une 
carte pédologique (région de Laon) au 1/25.000. 

Le but. de V’essai était de savoir s’il était possible d’obtenir, par impression 
trichrome, des couleurs donnant satisfaction a V’auteur, c’est-a-dire : 

a) couleurs différenciées, 

b) couleurs réparties dans un certain nombre de teintes conventionnelles direc- 
trices ayant une signification pour le spécialiste : ex. jaunes : calcaires, etc... 

c) couleurs assez claires de maniére a ce que le fond de carte reste lisible. 


Pour rédiger la maquette d’essai. ’'I.G.N. a fourni aA l’auteur une impression 
de la carte sur zinc habillé de Tochon Lepage. 40 échantillons de gouaches différentes 
ont été étendus sur des zones jointives de la carte, de maniére a cacher complétement 
le fond qui sert seulement de guide pour la rédaction. 


Par sélection photographique, on a obtenu 3 négatifs «demi-teinte» de sélection 
derriére les filtres Kodak Wratten n° 47B (bleu-violet,) 58 (vert) et 25 (rouge). Ces 
3 négatifs, tramés a la trame de contact magenta (133 lignes au cm) ont fourni les 
3 positifs d’impression du jaune, du magenta et du cyan. 

Des 3 positifs, on a tiré les 3 zincs d’impression correspondants. On a utilisé 
pour l’impression les encres primaires SICPA. 

Citons pour mémoire les caractéristiques colorimétriques des filtres et des encres 


employées, en illuminant standard «C», correspondant a la moyenne des température 
de couleur du ciel bleu (température de couleur : 6.500°K). 
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Filtre 47B (bleu violet) : longueur d’onde = 445 my; pureté d’exci- = 99,4 


Filtr ' dominante tation 
“ Filtre 58 (vert) : » = 544 mu; > = 

Wratten 2 Bs ‘ 88,6 
Filtre 25 (rouge) : » = 615 mu; » = 100 
Encre primairejaune : » = 577 mu; » =) 63 

cent Encre primaire ma- : complémentaire 

SICPA genta th : » = 503 mu; » = 51 
Encre primaire cyan : » = 481 mu; » == 62, 


Les résultats peuvent se résumer comme suit : 

L’absence de correction s’est surtout fait sentir dans les verts. Les bleus sont en 
général trop sombres et empéchent de lire le fond de carte, imprimé soit en gris, 
soit en bistre, soit en gris et bleu (3 essais différents). 

Sur 40 teintes de gouaches du modéle, une quinzaine de couleurs satisfont a 
V’impression : 2 jaunes, 1 orange, 1 rose, 1 rouge, 4 ocres, 2 marrons, 1 bleu, 2 verts 
(de qualité médiocre) et 1 mauve. 

La conclusion est que si les auteurs veulent bien se cantonner dans la gamme des 
15 couleurs indiquées, il sera possible de reproduire de fagon satisfaisante leur ma- 
quette par sélection trichrome. 

Encouragés par ce succés re/atif, nous avons entrepris l’étude plus scientifique 
du probléme. 

Il est bon de rappeler quelques principes de la représentation graphique des 
couleurs. 

Une couleur observée visuellement, peut étre caractérisée par 3 éléments : 


1° — le ton (longueur d’onde dominante) 

2° — Ja saturation (proportion du mélange de blanc et de la radiation de 
longueur d’onde dominante) 

3° — lintensité ou la luminance. 


La courbe de luminosité standard étant définie par LA (sensibilité d’un oeil 
moyen aux radiations de diverses longueurs d’ondes) un rayonnement de répartition 


Co 
énergétique E est caractérisé par la luminance L = if E, Ly dh 
0 


D’autre part, on ne peut définir la couleur d’un objet qu’en fonction de l’éclaire- 
ment qu’il recoit; on désignera par €) la répartition spectrale énergétique de Villu- 
minant considéré. 

Le systéme international est basé sur 3 primaires imaginaires choisis de telle 
fagon que : 

1° — par synthése additive de quantités positives X), Vas Zy des 3 primaires, on 
puisse reconstituer toutes les radiations simples du spectre. 

20 — la quantité ~, représente la luminance de la radiation reconstituée. ; 

3° — la couleur blanche est reproduite par des quantités égales des 3 primaires. 

Les tristumulus valeurs X), ¥a> 2 définissent les courbes de mélange du systéme 
international. Afin d’obtenir une représentation plane, on utilise les coordonnées 
réduites suivantes t 

xl Va ay Zy 
x, == - le = — Z=2 a oe 
Rye Py 2x Pay are ae Me A ei) 


et évidemment x, + ¥a + 7a = il 

Ces coordonnées X, Vy 2) sont appelées coefficients trichromatiques. Dans un 
systéme d’axes rectangulaires 0x, Yj On peut représenter chaque radiation simple 
du spectre par un point affecté de sa longueur d’onde. 
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Signalons tout de suite que cette représentation plane ne tient pas compte de 
V’intensité de la radiation. En effet, deux radiations de tristumulus valeurs respectives 
X Py Z) et KX, kf, kZ, seront représentées par le méme point sur le graphique plan. 

Le spectre entier est représenté par une courbe non fermée, s’arrétant aux limites 
des radiations visibles (rouge et violet). On ferme le domaine avec une droite joignant 
les points représentatifs des radiations extrémes. Cette droite représente les pourpres 
saturés. 

Toutes les couleurs de la nature sont représentées par des points intérieurs a ce 
domaine. 


Représentation d’une couleur quelconque. Un examen au spectro-photométre 
permet de déterminer le coefficient de transmission T, ou de diffusion Ry défini de la 
maniére suivante : c’est le pourcentage d’énergie lumineuse transmise ou diffusée 
par l’échantillon pour chaque longueur d’onde. 

Soient e, la répartition spectrale énergétique de l’illuminant considéré, x, y) Z) 
les courbes de mélange du systéme international; les tristumulus valeurs de la couleur 
envisagée sont obtenus par : 


in] 
x= f Kee en: de d, 


0 
oo 
y= ib Vy- er: T,. dy 
0 
o 
z- f Za er: Ty. dy 
0 


et les coefficients trichrométriques par : 
36 Y: 
x= y= 
X+YV+Z xe Veter 


Représentation du blanc. Un échantillon blanc diffuse intégralement toutes les 


les radiation. On a donc T = 1 et 


fo.2} foe} io.) 
x= fix. en: dy r= ['% er: dy —— sf Zy- ey. dy 


0 0 0 


Si cet échantillon est éclairé en lumiére équiénergétique (e, constant), on aura 


va k finan yak f aya zak f aah 
0 0 


0 


Or ces trois quantités sont égales (condition 3 de la définition des primaires du 
syst¢me international). 


Donec X = Y= Z et x = y = 0,333. 


Représentation d’un noir ou d’ 
toutes les radiations. Un échantill 
tions. D’aprés ce qui précéde, on 
diagramme plan par 


un gris. Un échantillon noir absorbe intégralement 
on gris diffuse en quantités égales toutes les radia- 

voit qu’un échantillon gris sera représenté sur le 
x = y = 0,333, c’est-a-dire par le méme point que le blanc. 
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Par extrapolation, le noir pur sera représenté également par le méme point. 

Ceci traduit le fait déja souligné que le diagramme plan ne tient pas compte de 
Vintensité de la couleur, mais donne seulement des indications sur sa longueur d’onde 
dominante (ton) et sa pureté (saturation). 

Soient : M le point correspondant 4 une couleur (en illuminante C) 

Cle point correspondant au blanc ( » » ) 

La droite MC rencontre le lieu des radiations monochromatiques en K (longueur 
d’onde A,). 

A, est la longueur d’onde dominante. 
CM 


est la pureté d’excitation (le mélange en synthtse additive et en proportions 


convenables de la radiation A, et du blanc donne la couleur M). 


Possibilités d’une impression trichrome. On dispose de 3 planches d’impression 
correspondant aux trois couleurs primaires : magenta, cyan et jaune. 

Les pourcentages imprimants des trois primaires seront désignés par M, C et J. 
Ces pourcentages sont déterminés soit par des lignes de trame, soit par des points de 
simili. Ce sont les seuls paramétres qui définissent la couleur obtenue par l’intermé- 
diaire des trois impressions successives. 

Il est dés lors facile de déterminer les pourcentages de chaque couleur, aprés 
les trois impressions : 


— magenta + cyan + jaune (superposés) : pourcentage = M.C.J. 


— magenta + cyan (superposés) : » = M.C.(1-J) 

— magenta + jaune (superposés) : » =. J2-C) 

— jaune + cyan (superposés) : » = C.J.(I-M) 

— magenta (seul) : » = M.(1-J(1-C) 

— cyan (seul) : » = C.(1-JU-M) 

— jaune (seul) : » = J.(1-M)(U-C) 
— blanc (papier) : » = (J-J)(1-M) U-C) 


La somme des pourcentages est évidemment égale a 1. 
A partir des tristumulus valeurs des huit couleurs précédentes intervenant par 
synthése additive, on peut calculer les tristumulus valeurs de la couleur reproduite : 


X = M.C.J.Xm+e+5 + M.C.U-J) Xmte + M.J.(I-C) Xm+j + C.J.U-M) Xe+j 
4+ M(1-J 1-C) Xm + CU-J) U-M) Xe + J(1-M) (1-C) Xj 
+(1-J) I-M) U1-C) Xo 

War 6U Cees 

Donc la représentation plane a l’aide des coordonnées trichromatiques moet ey, 
les 6 points figuratifs des 3 primaires et des 3 combinaisons binaires en aplats super- 
posés forment un hexagone conyexe. Cet hexagone limite le domaine des couleurs 
reproductibles par impression trichrome. Les points qui correspondent au blanc 
et a la superposition des 3 primaires (voisin du noir) a Vintérieur de |’hexagone. 

Les 3 primaires d’impression doivent étre choisies de telle maniére que cet hexa- 
gone ait la plus grande aire possible et la disposition la plus favorable autour du 

i i blanc. : 

eee Pee s encres primaires d’impression est cependant limitée par les consi- 


dérations qui suivent : 


Couleurs optima. Nous avons vu qu’a un point M du diagramme plan aa 
dent une infinité de couleurs ayant méme longueur d’onde dominante, meme puret 
colorimétrique, mais des luminances différentes. 
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Parmi ces couleurs, la couleur optimum est celle qui posséde la luminance la 
plus forte — tristumulus valeur Y la plus forte —. 

On démontre que la courbe de transmission spectrale de ces couleurs est consti- 
tuée par des points ayant pour ordonnées 0 ou 1, avec 3 bandes (absorption ou trans- 
mission totales) ou 2 discontinuités au maximum. Ces couleurs sont donc réelles, 
mais théoriques. 


Couleurs caractéristiques. Parmi les couleurs optima réparties sur toute la-surface 
du diagramme plan des couleurs réelles, les couleurs caractéristiques sont celles qui 
fournissent la sensation colorée la plus vive. 

Cette sensation colorée est fonction de la pureté colorimétrique P et de la lumi- 
nance Y. Si l’on considére toutes les couleurs optima de longueur d’onde dominante 
A en allant du blanc pur vers la radiation monochromatique A leur pureté croit 
(de 0 a 1), mais leur luminance décroit. La sensation colorée fonction de ces 2 éléments 
passe par un maximum qui correspond a la couleur caractéristique. 

Les points figuratifs des couleurs caractéristiques forment un lieu géométrique 
dans le diagramme plan. 

La notion de vivacité d’une couleur réelle de pureté P et de luminance Y est 
exprimée analytiquement par le «facteur de vivacité» V, en fonction de la luminance 
Ym de la couleur optimum homologue, 


Co 


= ——— .P.Ym 
1—Y 
Partant des considérations théoriques précédentes, nous avons entrepris la 
fabrication d’une charte de 124 couleurs réparties dans toute la surface de I’hexagone, 
a Taide de 3 primaires magenta, cyan et jaune et de 5 pourcentages imprimants. 
— absence de couleur : pourcentage imprimant = 0 


— trame fine (charte des couleurs) : pourcentage imprimant = 35% 
— trame grosse » » : » » ==4 OL S74 
— trame grosse croisée » : » » = 80% 
— aplat » i » » = OO 


Cet essai a déja été réalisé, sans la trame croisée, avec les couleurs de la charte 
(bleu, rouge, jaune), mais l’hexagone des couleurs est nettement plus restreint qu’avec 
de vrais primaires pour trichomie. On doit donc avoir plus de possibilités, surtout 


dans la région des violets et pourpres, et peut-étre dans les verts, encore qu’on semble 
limité dans ce dernier domaine. 


Emploi du systéme de primaires complémentaires. Si, au lieu d’employer le systéme 
de primaires magenta, cyan et jaune, on emploie le systeme de primaires complé- 
mentaires vert, orange et violet, on obtient pratiquement le méme hexagone, c’est-a- 
dire que les deux systémes ont les mémes possibilités de reproduction, quant au ton 
et a la saturation. Mais il y a lieu de signaler que chaque systéme fournira des couleurs 
de luminance plus élevée dans les domaines voisins de ses couleurs de base, car la 
synthése soustractive abaisse la luminance. 


Assombrissement des combinasions ternaires. Dans une impression trichrome, 
toute combinaison ternaire introduit des points noirs (magenta + cyan + jaune), 
donc fait baisser la luminance de la teinte obtenue. II parait donc inutile d’ajouter 
une impression supplémentaire grise sur une couleur déja «salie», c’est ce qui a été 
fait, 4 tort, pour certains tons de la charte de 1I.G.N. 

Il est difficile de se prononcer sur ce que donneront les essais en cours. Mais il 
est permis d’espérer que dans la gamme des 124 teintes qui seront offertes, les auteurs 
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de cartes de la végétation trouveront les tons qui leur conviennent et que de nouvelles 
méthodes permettront d’assurer plus rapidement la publication des cartes de la végé- 
tation et 4 de moindres frais. 

Le probléme de la sélection trichrome souléve des difficultés d’ordre photogra- 
phique. Divers appareils basés sur la sélection électronique des couleurs sont en 
rapide développement dans différents pays, et permettront sans doute de résoudre 


a bréve échéance un probléme qui, jusqu’a ce jour, n’a été traité que par des procédés 
artisanaux. 
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MAPS OF THE GROUNDWATER RESSOURCES 
OF BELGIUM, ON THE SCALE 1/500.000 


M. GULINCK 


SUMMARY 


Its seems not easy to show clearly, on a single map on the scale 1/500.000, the 
several features of the groundwater ressources of Belgium. am 

However, a map of this kind was presented at the Congress of the Association 
Internationale des Hydrogéologues, held in Madrid last year. ; ; 

Now, we have drawn two distinct maps, one for the groundwater in connection 
with the cenozoical and paleozoical aquifers, and another for the tertiary and pleisto- 
cene aquifers of North Belgium. 

One can see on the first map: : ; 

1) Boundary and surface of the hydrographic basins of High Belgium, were the 
ground is formed by paleozoic rocks. : , 

2) The independent aquiferous formations, with the extent of the impervious top- 
layers in the artesian parts of them. The alluvial deposits and sandlayers resting upon 
paleozoic rocks are also considered here. 

3) Isohypses of the top of the Cretaceous and the Paleozoic Basement of North 
Belgium . 

4) Variation of the chlorine contents and the hardness of the artesian waters here 
considered. 

5) Location and kind of the main public watersupplies (more than 1000 m3/day) 
The importance of them is shown by a quoted circle. 

Individual supplies for industrial purposes are not represented here. 

6) Gaseous springs in the High Ardennes. 

7) The chemical composition of phreatic waters is mainly determined by the 
aquiferous rock itself (chalk, limestone - shales, sandstones). It seems therefore not 
necessary to give more informations about it. 

The same principles are followed by drawing the second map. But, here are joined 
three hydrogeological profiles W-E, showing the general structure of the country, and 
the real waterlevel of some artesian layers. 


RESUME 


Divers essais nous ont montré qu’il était difficile de représenter clairement sur 
une méme carte au 500.000°, les caractéres de toutes les formations aquiféres de la 

elgique. 

Un essai de ce genre, a été présenté au congrés de |’ Association Internationale des 
Hydrogéoligues tenu a Madrid en septembre 1959. 

Nous avons jugé opportun de dessiner deux cartes distinctes, l’une pour les for- 
mations paléozoiques et secondaires et l’autre pour les formations tertiaires et 
quaternaires du nord de la Belgique: 

I) La premiére carte fournit les indications suivantes : 

1) Délimitation et superficie des bassins hydrographiques de la Haute Belgique. 

2) Extension des formations aquiféres, avec les zones phréatiques et captives. Un 
figuré spécial indique la limite des couches imperméables de couverture. 

_Les dépéts alluvionnaires et lambeaux sableux recouvrant directement le socle 
paléozoique sont également représentés. 
rie 3) Courbes isohypses du sommet du crétacé et du socle sous le recouvrement ter- 
iaire. 

4) Limites de salinité (dureté, chlorures) dans les zones artésiennes de la craie et 
du socle primaire. 

5) Localisation et nature des prises d’eau dépassant 1.000 m/jour. (*) Un 
cercle chiffré entourant ces captages en indique la capacité. Ceci met directement en 
relief l’importance relative des divers gisements aquiféres 

6) Sources carbo-gazeuses de 1|’Ardenne. 

_7), Nous n’avons pas cherché a figurer spécialement la nature chimique des eaux 
phréatiques qui est directement liée 4 la nature de la roche réservoir (calcaires 
craies — schistes, grés). 


Il) La seconde carte forunit des indications analo i 1- 
féres du Nord de la Belgique. Be Eni, oe oe 


Elle est accompagnée de trois coupes d’ensemble orientée 
Ell ( Oi s W-E (hauteurs 
exageérées 100 fois) montrant la position relative des différente nappes ainsi que l’allure 
generale de la surface d’équilibre des eaux artésiennnes. 
Service géologique de Belgique 


(*) Alimentant les réseaux de distribution publique. L i i 
. r . : es 
isolés ne sont pas considérés ici. ¢ : Eta eis 


B. STANDING COMMITTEE 
ON HYDROGEOLOGICAL MAPS (*) 


COMITE DES CARTES HYDROGEOLOGIQUE 


PROCEEDINGS OF THE FIRST MEETING, 
ON AUGUST 3, 1960, AT HELSINKI 


PRESENT: 


Chairman: Dr. S. Buchan (U.K.). 

Membres: R. Ambroggi (Morocco), Prof. Dr. G. V. Bogomoloy (for Prof. 
Dr. J. K. Zaitsoff) (USSR), J. A. da Costa (for Ph. E. La Moreaux) (U.S.A.), Dr. 
F. Dixey (UNESCO), Dr. H. Karrenberg (IAH), Prof. H. Scheeller (France), Dr. 
K. Ubell (Hungary). 

Secretary: G. Santing (Netherlands). 


ALSO PRESENT: 


Prof. G. B. Maxey (U.S.A.), Prof. Dr. V. G. Tkachuk (U.S.S.R.), Dr. K. Szesztay 
(Hungary: interpreter). 

The Chairman opens the meeting and recalls that UNESCO has asked the 
Commission of Subterranean Waters for recommendations regarding the methods 
of presenting hydrogeological data on small scale maps (1 : 500,000 to 1 : 5,000,000). 
The Committee has little time for this works as UNESCO expects the conclusions 
of the Committee before the end of the Congress at Helsinki. The quickest way 
to do this work is to take one of the reports of the hydrogeological maps presented 
at the sessions of the Commission of Subterranean Waters, examine it and make 
modifications where they are desirable. 

It is agreed to accept for this purpose the report by R. Ambroggi and J. Margat, 
«Légende générale des cartes hydrogéologiques du Maroc», and to discuss it page 


by page 


(*) This committee was formed during a special session of the Commission 
of Subterranean Waters on August 3, 1960. It is to consist of representatives from 
each of the following countries: Great Britain, France, Hungary, Germany, Morocco, 
Netherlands, USA and USSR, with one representative from UNESCO and one 
from the International Association of Hydrogeologists. The officers of the Commission 
are ex officio members of the committee which has powers to co-opt. Its first task 
is to give advice to UNESCO on methods of presenting hydrogeological data on 
small seale maps, in particular for regarding standardization of both small and large 


scale hydrogeological maps. 
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Page 5 
- It is agreed to use, as far as possible, the internationally accepted symbols for 

the geology. This recommendation will involve only minor changes in the symbols 
given on page 5, which already closely agree with the eur aeene symbols. 
Page 6 

It is agreed that only permeable strata should be represented in color on the 
maps. (Under permeable strata should be understood strata from which useful 
amounts of water can be abstracted). Intercalated impervious or semi-pervious 
layers will not be indicated, since only outcrops are shown. As far as impermeable 
outcropping formations are concerned, only the geological symbols will be printed 
on the maps, not the colors. 

The symbol for alluvial gravelly deposits (left blank in the list on page 6) is to 
be small circles. 

With regard to a question by Prof. Tkachuk it is agreed as follows. For areas 
where little information is available, one map should be made. As more information 
becomes available, additional maps can be made of that region. 


Pages 7, 8 and 9 

It is agreed to accept the international colours of the stratigraphical and 
lithological signs. 

Section 4 on page 9 will be left out, the subject not being of importance for 
small scale maps. 


Page 10 

It is agreed to take blue sas the colour for natural waters and red for artificial 
works. 

The red colour for a thermal or thermo-mineral spring will, therefore, have 
to be replaced by another colour (e.g. yellow). The word «Ponor» will be left out. 

Mr. AMBROGGI explains what he meant by perennial streams, seasonal streams 
and intermittently flowing streams. A seasonal stream flows continuously during 
a whole season; an intermittently flowing stream discharges only during and shortly 
after heavy rainstorms. 

Mr. SCHOELLER states that the symbols presented do not deviate much from 
those used in the U.S.S.R. 

Mr. BoGomoLovy suggests that the discharge of water courses be expressed in 
1/sek, as is used for spring discharges. 

After some discussion, it is agreed for the present to leave this to the preference 
of the persons making the maps. 

It is further agreed to accept the first symbol for a spring on page 10 as the 
general symbol for an unclassified spring.—For further distinctions, which may be 
important for arid regions, the orther symbols may be used. 


Page I] 


It is agreed, to recommend the word «isohypses» instead of «isopiezometric 
lines». Three different types of lines in blue, as indicated on page 11, are accepted. 


The symbol for direction and velocity of the water will be left out, not being of 
importance for small scale maps. 


Page 12 
This page, which contains examples, is not discussed. 
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Page 13 

It is agreed that hydrochemical data will be represented on small maps on the 
side of the main map. 

Mr. BOGOMOLOY suggests a different division for the salinity of the water. Water 
of less than 1 g/1 is good drinkable water; 3 g/1 is the limit for human beings; between: 
3 and 5 g/1 animals can drink it but above 5 g/l it is genereally rejected by animals. 
He therefore suggests divisions as follows: 

I; 1— 3; 3—5; 5 g/l. 

Mr. Drxey states, that in some areas, it is only known that the ground water 
is either drinkable or undrinkable, without further distinction. Therefore two special 
colours, indicating drinkable and undrinkable water respectively, are needed. 

After some discussion it is agreed, that for areas where sufficient information 
is available, Mr. Bogomolov’s suggestion will be recommended, and that for other 
areas Mr. Dixey’s suggestion is accepted, if possible with the values of the concen- 
tration in g/l written on the colours. 


Page 14 

It is agreed to recommend a full dot for a dug well and a larger dot for a group 
of dug wells. No symbol for a dry well (open circle) is considered necessary. All 
other signs on page 14 may be used. 

Mr. AMBROGGI answers to a question of Mr. Karrenberg, that aridity may be 
indicated on small maps on the margin of the main map. 

Mr. Drxey remarks that UNESCO has already its own maps, indicating arid 
and semi-arid zones. 


CONCLUSION 


It is agreed that the legend, as revised today, should be recommended to 
UNESCO. 

The Chairman expresses appreciation for all the work the various countries 
have done with respect to hydrogeological maps, and thanks the members present 
for their contributions and cooperation, which has made it possible to arrive at 
practical conclusions in such a short time. He thanks also the interpreter, without 
whose help this result could not have been reached. 


DNS 


RECOMMENDATIONS ON METHODS OF PRESENTING 
HYDROGEOLOGICAL DATA ON BOTH LARGE 
AND SMALL SCALE MAPS 


At the request of the Commission on Arid Zones of the UNESCO, the Commis- 
sion of Subterranean Waters of the International Association of Scientific Hydrology 
held a Symposium on hydrogeological maps at the General Assembly of the Interna- 
tional Union of Geodesy and Geophysics at Helsinki, 1960. An exhibition of hydro- 
geological maps was organized and two sessions of the Commission were devoted 
to papers on this subject. 

Ten countries (Germany, Hungary, Israel, Italy, Morocco, the Netherlands, 
Tunesia, Union of South Africa, USA and USSR) as well as UNESCO contributed 
to the exhibition. This outstanding display consisted of the most important collection 
of international hydrogeological maps ever assembled. The maps shown were of 
a great variety of types, scales and legends; they clearly demonstrated the need for 
standardization but likewise showed that standardization may not always be possible 
for special maps prepared for particular purposes. 

At the conclusion of the two sessions of the Commission, a general discussion 
on standardization of hydrogeological maps took place. Later, in a special meeting 
of the Commission, at which representatives from UNESCO and of the International 
Association of Hydrogeologists were present, this subject was further discussed and 
a standing committee was formed. 

The first task given to the committee was to summarize the work of the Commis- 
sion and to make recommendations to UNESCO on the type of information to be 
presented on small scale hydrogeological maps, with special reference to arid regions. 
The committee was asked to make these recommendations before the end of the 
General Assembly in Helsinki. 

The second task of the standing committee will be to study methods of presenting 
hydrogeological data on maps of both small and large scale. This task should be 
undertaken during the next three years and a report submitted to the next General 
Assembly of the Union. 

The standing committee is to consist of one representative of each of the 
following countries: France, Germany, Great Britain, Hungary, Morocco, Nether- 
lands, USA and USSR. UNESCO and the International Association of Hydrogeology 
will each be represented by one member. 

The standing committee met during the General Assembly at Helsinki. The 
first meeting was entirely devoted to the request of UNESCO regarding small scale 
maps. It was agreed that the best way to arrive at practical conclusions before the 
end of the General Assembly, was to use one of the reports presented at the 
Symposium on hydrogeological maps as the basis of recommendations, to examine 
it and make modifications where they were desirable. 

The report presented by Morocco (*) was accepted for this purpose. This report 
was slightly amended on the basis of the following considerations. ; 

1. The legend is intended for small scale maps (1 : 500,000 to 1 : 5,000,000) 
in particular for arid regions and for underdeveloped areas. 

2. The maps, which must be simple and easily legible, should serve both a 


(*) Légende générale des cartes hydrogeologiques du Maroc, par R. Ambroggi 


et J. Margat. Publication n° 50 de l’Associati i j i 
Sclentitigne, ssociation Internationale d’Hydrologie 
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scientific and a planning purpose. They must show clearly the available ground-water 
resources and pave the way for further development of the areas concerned. 

3. The basis for these maps should be a geological map. 

4. The symbols used should, as far as possible, conform with internationally 
accepted symbols. 

5. The first objective should be to make one map of the area considered. As 
more information becomes available during future investigations additional maps 
may be necessary. 

6. Special subjects (chemical properties of the ground water, etc.) should be 
represented on small maps in the margin of the main map. 

7. Further information of special character (discharges of water courses, springs, 
amounts of ground water withdrawn) should be given in short notes in the margin 
of the main map. 

On the basis of these considerations the report of Morocco was modified where 
it was necessary (Appendix). 

The standing committee recommends that, though its proposals fall far short 
of perfection, the amended report should be used for the immediate future as a basis 
for the presentation of hydrogeological data on maps of small scale. 

The second task of the committee (the standardization of hydrogeological maps 
of both small and large scale) will be undertaken during the next three years. A 
preliminary programme for this work will be set up during the second meeting of 
the committee. 

The Secretary of the Commission of the Subterranean asked that all the nations 
who had contributed to the exhibition of maps should make them, or copies of them, 
available to the committee, to assist it in its work. 

The committee will endeavour to obtain the collaboration of all nations engaged 
in the preparation of hydrogeological maps. 

Helsinki, August, 4, 1960. 


Chairman 


S. BUCHAN 


Secretary 


G. SANTING 


ZT 


C. EXPOSITION DES CARTES 
HYDROGEOLOGIQUES 


Il avait été plus ou moins question 4 Toronto d’organiser semblable exposition. 

Il semblait bien cependant que |’élément de base d’une collaboration inter- 
nationale dans le domaine de l’unification des légendes et de la standardisation des 
facons de dresser ces cartes devait étre une étude comparative 4 grande échelle des 
cartes existantes. 

Un effort considérable fut entrepris auprés de tous ceux s’occupant de la question 
et le résultat en fut la surprise admirative de tous ceux qui assistérent le mercredi 
29 juillet 4 20., a la séance d’inauguration. 

Le secrétaire de |’Association souhaita la bienvenue a ceux qui assistaient 4 ce 
vernissage assez spécial, il félicita les exposants et rappela que cette exposition n’était 
en fait qu’une possibilité et une occasion de travail. 


Vue de quelques cartes de Vexposition du Marve. 


218 


‘ 


Le Président de la Commission des Eaux Souterraines, le Professeur Krul, 
sortit quelque peu de son sujet en attribuant la réussite de l’entreprise au Secrétaire 
de l’Association et 4 sa famille et célébra a son tour la réussite inespérée, entrant 
dans les détails des resultats déja obtenus. 


Vue d’une bonne partie de 1’exposition 


2N9 


I. CATALOGUE DES CARTES PRESENTEES 
PAR LE MAROC A L’EXPOSITION INTERNATIONALE DE 
CARTES HYDROGEOLOGIQUES.DE L’A.1.H.LS. 
HELSINKI 1960 


L’établissement et l’édition de cartes hydrogéologiques constituent au Maroc 
depuis plusieurs années l’un des objectifs du Centre des Etudes Hydrogéologiques 
de ce pays. Un programme a été fixé a ce sujet: il comprend des cartes hydrogéologi- 
ques a grande échelle (1.50.000 ou 1/100.000°) couvrant les principaux bassins sédimen- 
taires du pays, c’est-a-dire les régions les plus importantes du point de vue économique 
et agricole, et des cartes spécialisées a petite échelle (1/500.000° a 1/2.000.000°) telles 
que des cartes hydrochimiques et hydrographiques. 

Une seule carte a été jusqu’a présent imprimée (Casablanca) aussi la plupart 
des cartes présentées ici sont-elles des maquettes originales ou des tirages provisoires. 


I — La contribution du Maroc 4a l’exposition comprend en premier lieu une 
légende générale des cartes hydrogéologiques destinée principalement a servir de 
base a l’établissement des cartes a grande échelle congues comme des documents 
de synthése d’études détaillées et prolongées. Cette légende due 4 MM. R. AMBROGGI 
et J. MARGAT et rédigée en deux langues Francais et Anglais) a pu étre imprimée 
et distribuée aux participants a |’Assemblée Générale d’Helsinki (Publication n° 50 
de 1’A.I.H.S.). Elle comprend plusieurs extraits de cartes réalisées au Maroc par 
MM. R. HAZAN, J. MARGAT, L. MONITION et L. MOULLARD. 


II — Cinq cartes hydrogéologiques couvrant des régions trés diverses allant 
de régions cétiéres méditerranéenne et atlantique 4 une plaine pré:aharienne, sont 
exposées. Elles ont été établies d’aprés les principes et les normes proposées dans 
la Légende Générale mentionnée ci-dessus, et elles sont complétées par un certain 
nombre de cartes spécifiques annexes. Les Notices des cartes sont concues comme 
des monographies régionales trés completes. 

La carte hydrogéologique de la région de Casablanca, au 1/50.000° par MM. 
L. MOoNITION et M. Nerat de LesGuise, a été publiée en 1956. (Notes et Mémoires 
du Service Géologique du Maroc n° 131). La région cartographiée constituée par 
des formations primaires recouvertes de dépéts plio-quaternaires discontinus ne 
comporte qu’une nappe phréatique assez pauvre, alors qu’elle comprend la principale 
zone industrielle du pays. 

Sur un fond géologique et lithologique, la surface piézométrique de la nappe 
phréatique est représentée par des courbes équidistantes de 10 métres. Les puits 
et les sondages sont représentés avec figuration des coupes lithologiques et de la 
concentration de l’eau. 

La carte hydrogéologique de la Plaine du Tafilalt au 1/50.000° par J. MARGAT, 
couvre une plaine alluviale quaternaire sur substratum primaire dans le domaine 
aride présaharien; cette plaine comporte une riche nappe phréatique et inclue un 
vaste périmétre d’irrigation (palmeraie). Deux cartes distinctes ont été établies : 
la premiére est une carte géologique normale complete par le figuré de tous les points 
d’eau, puits, drains et sondages et par la représentation de la surface piézométrique 
de la nappe phréatique, en courbes équidistantes de 1 métre; la seconde est une 
carte hydrochimique représentant, sur un fond géologique simplifié, la concentration 
de eau souterraine par des courbes d’égale concentration. Les concentrations 
(résidu sec) observées s’échelonnent entre 1 et 70 grammes par litre. 
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Une série de cartes spécifiques sont annexées et forment un atlas hydrogéologique : 
elles représentent la profondeur de la nappe, sa puissance, ses amplitudes de fluctua- 
tion, diverses caractéristiques chimiques, etc... 

La carte hydrogéologique de la Plaine des Triffa, au 1/50.000°, par F. Mortier, 
couvre une région cétiére méditerranéenne du Maroc Oriental, comportant un 
important périmétre d’irrigation et de nombreuses exploitations d’eau souterraine 
par pompage. Sur un fond géologique et lithologique sont représentés les points 
d’eau équipés, la surface piézométrique de la nappe phréatique par courbes équidis- 
tantes de 1 45 métres, et la concentration de l’eau qui varie entre 0,5 et 3 grammes 
par litre. 

La carte hydrogéologique du Bassin de Meknés — Fés, au 1/100.000°, par 
J. MARGAT, couvre une riche région agricole, ot les ressources en eau sont trés 
abondantes mais aussi trés sollicitées. Ce bassin comporte une importante nappe 
phréatique et en plusieurs secteurs des nappes captives, localement artésiennes. 

On a représenté, sur un fond géologique et lithologique, la surface piézométrique 
de la nappe phréatique, en courbes équidistantes de 10 m, ainsi que tous les points 
d’eau, sources, puits et sondages et la concentration des eaux par des courbes d’égale 
concentration (0,25 a 1 g/l). Les nappes captives sont également représentées par 
leur limite d’extension, les courbes de niveau de leur toit imperméable, ainsi que 
les limites des zones d’artésianisme. Des cartouches sont consacrées a la topographie 
souterraine du substratum imperméable de la nappe phréatique et a la structure 
profonde du bassin. 

La carte hydrogéologique de la Plaine de Berrechid au 1/100.000°, par 
L. MOoUuLLARD, couvre une plaine intérieure du Maroc Occidental ot prédomine 
agriculture traditionnelle. Cette carte résulte d’une étude systématique tres complete 
de cette région en vue de chiffrer ses ressources en eau souterraine. Sur un fond géolo- 
gique et lithologique on a représenté conjointement tous les points d’eau, la surface 
piézométrique de la nappe phréatique, la concentration de l’eau par courbes d’égale 
concentration (1 a 4 g/l) et les courbes de niveau du toit du substratum imperméable 
reconnu par sondage et par prospection géophysique. 

La publication de ces différentes cartes s’échelonnera de 1961 a 1962. 


III — Plusieurs cartes hydrochimiques a petite échelle (1 /2.000.000°) couvrant 
la totalité du Maroc sont exposées. Elles sont dues a J. MARGAT et sont basées sur 
la documentation rassemblée au Centre des Etudes Hydrogéologiques du Maroc 
depuis 20 ans, notamment l’analyse d’environ dix mille points d’eau. 

La « Carte des eaux salées », en cours de publication dans l’Atlas du Maroc, 
représente la concentration totale des eaux des nappes phréatiques étendues classées 
en trois zones: moins de 1g/l, 1 4 2¢/l, plus de 2 g/l (eaux salées). Un fond 
hydrogéologique structural indique les limites des provinces hydrogéologiques et 
des bassins versants hydrographiques, les régions dépourvues de niveau aquiféres 
étendus et les zones d’affleurement du principal terrain salifere ou gypsifére (le 
Permo-Trias Continental). L’extension des nappes captives d’eau salée est représentée 
en cartouche. 

Une seconde carte hydrochimique, encore inédite, 
des eaux souterraines, classées en trois faciés principaux, définis par le cation et 
[anion prédominants et figurés par des couleurs différentes: eaux bicarbonatées 
calciques ou magnésiennes, eaux sulfatées calciques, eaux chlorurées sodiques. 

Deux autres cartes représentent la répartition des cours d’eau salée superficielle 
et des processus de concentration des eaux souterraines : intrusion d’eau de mer, 


dissolution évaporation. 


représente la composition 


221 


II. HYDRO-GEOLOGICAL MAPS OF THE NETHERLANDS 


~ 

The charcter of hydro-geological mapping in the Netherlands is determined 
by the following specific conditions. 

1. Complexity of the geological conditions. The subsoil consists of thick deposits 
of non-consolidated sediments (down to a depth of a few hundred meters) which 
generally contain several important water-bearing strata. The intercalated semi- 
pervious layers greatly effect the ground-water movement. 

2. Salinity of the ground water in the Western and Northern parts of the country. 

— Need of an inventory of the fresh ground-water resources in these areas. 

— Seepage of saline ground water into low areas (polders). 

3, Agro-hydrological conditions. 

— Ground-water depth and crop response. 

— Need of supplementary irrigation. 

4. Ground-water development. 

5. Mine water. 

Owing to the natural intricacy of the problems no general hydrological mapping 
is satisfactory. Every problem requires its own specific approach. Therefore, mapping 
should be carried out in the form of maps referring to each individual item. 

The collection shown at the Helsinki exhibition was drawn up in collaboration 
with the following agencies: 

— Institute for Land and Water Management Research, Wageningen. 

— Geological Survey, Haarlem. 

— Government Institute for Water Supply, The Hague. 

— Service for Water-Resources Development of «Rijkswaterstaat», The Hague. 

The contributions of the above-mentioned institutes were the following. 


INSTITUTE FOR LAND AND WATER MANAGEMENT RESEARCH 


A hydro-geological map of the Peel area (S.E. Netherlands) was presented, 
showing the locations of faults as determined by a survey carried out for the purpose 
of a study on the improvement of the water management for the agriculture in that 
region. Besides a geological and a hydro-geological profile of a cross-section through 
the Pleistocene and Upper Tertiary of this Peel fault block were presented. 

Another map showed the distribution of agricultural areas in the Netherlands 
classified according to the depth of the ground-water table in summer time. On an 
additional diagram the percentages and summated percentages of these areas in the 
various classes of ground-water depth were given. 

In connection with the foregoing map another map showed the distribution 
of agricultural areas classified according to an evaluation of the water regime, with 
a diagram representing the percentages of agricultural area in the Netherlands having 
various yield depression due to unsatisfactory ground-water depth. 


GEOLOGICAL SURVEY 


The Geological Survey presented two E-W_ hydro-geological cross-sections 
of the country on a horizontal scale of 1: 100.000 and a vertical scale of 1 : 500. 
Moreover five maps of the mine district of South-Limburg were exhibited, 
each of them showing lines of equal chloride content of the ground water at various 
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depths viz. at the surface of the carboniforum and at depths of 391, 455, 548 and 660 m 
below mean sea-level. 


GOVERNMENT INSTITUTE FOR WATER SUPPLY AND T.N.O. ARCHIVES FOR GROUND- 
WATER LEVELS 


The Institute for Water Supply manages the national archives of borehole 
descriptions, well constructions and ground-water analyses. Some maps, showing 
the system of registration of the locations were presented. Another map showed 
the elaboration of ground-water analyses, the chemical composition of the ground 
water being plotted in coloured bars. 

Similar maps as well as graphs of the ground-water level as a function of time 
in several observation wells were shown by the T.N.O. Archives for Ground-water 
Levels. 

As an illustration a number of files, some soil-sample pots, a sand rule and 
some forms were shown. 


SERVICE FOR WATER RESOURCES DEVELOPMENT OF «RIJKSWATERSTAAT»> 


The maps presented by this service referred to the geo-electrical investigations 
in the Netherlands. A general map showed the areas where geo-electrical investigations 
have been carried out. Other maps of various parts of the country, based on the 
results of these investigations, indicated the salinity of ground water at different 
depths in the aquifers. Some other maps presented the depth of geo-electrically 
determined interfaces corresponding with the transition between fresh and salt ground 
water, with the presence of semi-permeable layers or with the impermeable base 
of an aquifer. 

In two sections of the Braakman-area (in the southwestern part of the country) 
the resistivity profiles were compared with boring results. 

A rating curve designed to convert the electrical resistivities into chloride-contents, 
valid for the Delta-region of the S. W. Netherlands, was also exhibited. 
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Ill. PROSPECTUS ON HYDROGEOLOGICAL AND 
GROUNDWATER MAPPING IN HUNGARY 
Description of exhibited maps 

= 


A. SKETCHES AND TREATISES TO A HYDROGEOLOGICAL ATLAS OF HUNGARY 


Under the above title the Hydrogeological Department of the Hungarian State 
Geological Institute completed in 1959 the compilation of a survey book on Hungary’s 
hydrogeological conditions. In addition to scientific purposes, the editors had in 
mind the objective of establishing concrete grounds for future long—range planning. 

The work of plotting and compilling maps was performed by ten geological 
experts and five technicians along the conception and under the direction of Dr. 
E. R. SCHMIDT. 

The staff completed the work of mapping and gathering data on the plain regions 
in the years 1952 to 1956 and in the mountaneous region during the years 1957 to 1959. 

The manuscript consist of 100 maps and about 1500 type-written pages of text 
and tables. 

The work comprises three major sections, there are maps of basins (scale: 
1: 500,000), of mountaneous regions (scale 1: 100,000) and of Great Budapest 
(scale: 1: 33,000) accompanied by explanatory texts. 

The representation of the hydrogeological conditions in the Hungarian basins 
has been accomplished with various objectives in mind, namely to demonstrate, 

the dimensional location of water-bearing layer blocks, 

pressure and flow conditions of artesian waters, 

temperature conditions of artesian waters, hydrogeological regions of the country 
and their characteristic features, 

chemical assays of waters, 

specific water discharge of layer blocks supplying artesian water, 

possibilities of exploiting further artesian wells in the country. 

Hydrogeological conditions in the mountaneous regions are represented by 
separate survey maps, three for each mountaneous region, i.e. one hydrographic, 
one hydrogeological and one hydro-chemical map. 

Hydrogeological conditions of Great Budapest have been represented by three 
maps, one for pleistocene formations, one for pre-pleistocene formations and water 
supplies and finally one for the major wells sunk in the territory of Great Budapest. 

Of this work, 11 maps will be shown (maps Nr 1-11). 

The completion of the hydrogeological atlas is furthered by a great number 
of detail surveys. This is represented by two examples (maps Nr 12. and 13) These 


maps have been prepared by the Establishment for Water-Research and Boring under 
the direction of dr. J. URBANCSEK. 


1. Survey Map of Basement Rocks of Hungary’s Major Gravel and Alluvial Fans 

Scale 1 : 500,000 

The Map illustrates essentially the old riverbeds, the arms of the Danube in the 
North, the Tarna, the Eger, the Sajé-Hernad, the Bodrog, the Tisza-Szamos-Kraszna 
(with two interesting alluvial fans): the Transylvanian rivers in the East, the rivers 
K6roés (with four alluvial fans) and the Maros (with three alluvial fans): and finally, 
in the South, the old river—beds of the Danube and the Drava filled with coarse 
sediments. Geologists succeeded in discovering 20 major alluvial fans, altogether, 
on the ground of gravel, sand-gravel and coarse sand layers in the sample bores. 
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The representation of the basement rocks has been accomplished with contour lines 
related to sea level. The representation of the relative thickness of the alluvial fans 
has been made in a similar manner. 

A thorough knowledge of the gravel cones and alluvial fans is important from 
a hydrogeological point of view because they are, as a rule, distinguished by an 
ample water supply and a comparatively high iron content. 


2. Schematic Survey Map of Miocene Water-Bearing Blocks in Hungary 

Scale 1 : 500,000 

The map shows the basement rocks of Miocene blocks with contour lines related 
to sea level. The enclosed map of thickness has been plotted in the same manner, 
with due consideration to the indicated bores and available geological and geophysical 
data. 

The upper strata of Miocene formations consist mainly of Sarmatan Period 
coarse limestones, limy sandstone, marls and volcanic tuffs whereas the underlying 
Mediterranean Period strata consist of hydraulic limestone, gravel and marls with 
volcanic intrusions. Their waterbearing capacity, insignificant, as a rule, varies 
accordingly. 

From hydrogeological point of view it deserves mentioning that the waters 
supplied by these blocks, in consistency with the genetics and lithological characte- 
ristics of the reservoir rocks, are suitable for bathing rather than for drinking purposes. 
Brack and marine formations supply, as a rule, fossile waters with common-salt 
content, whereas waters in volcanic areas contain considerable amounts of sulphates. 

Like maps of Pleistocene, Levantenese, Pliocene, Miocene, Oligocene and Eocene 
layer blocks and partly the survey maps of basement rocks of bedrocks, also this 
one gives a good demonstration of the horizontal and vertical distribution of formation 
and their waters of specific chemical composition. 


3. Schematic Map of Hungary’s Bedrock 

Scale 1 : 500,000 

The map renders perceptible the dimensional situation of the bedrock consisting 
of Mesozoic and Paleosoic rocks. These formations are known from outcrops in 
the median mass of the Hungarian Central Mountains; most of them, however, 
are situated at a depth of several thousand meters, covered by Tertiary deposits. 

The knowledge of the situation and lithological character of the bedrock is 
important form hydrogeological point of view because it is the moving and structure 
of the bedrock that primarily determines the situation of the overlaying Tertiary 
deposits with their water-bearing layers. Furthermore, it is important because the 
underground Mesozoic tracts furnish opportunity to draw water from their dolomitic 
rocks, whereas those consisting of Paleozoic rocks are scarce in water supplies. 

As these rocks had not been crossed by-drillings, it was possible to represent 
their horizontal stretches only and to give in points the depth below sea level where 


they were encountered in the course of drilling. 
Striking is the tract-like structure of bedrock in the SW-NE direction. The 


Hungarian median mass is crossed by four Mesozoic tracts in this direction, by the 
so-called Mesozoic cratosinclines. The origin and development of these tracts are 
in cause—and—effect relationship with the geomechanical stresses imposed upon 
the Hungarian median mass during the Alp-Carpathian geosinclines-formation and 


orogenesis. 


4. Schematic Map of Hungary’s Potential Thermal-Water Supplies 


Scale 1 : 500,000 
The exploitation of thermal waters depends on the following factors: stratigraphic 
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conditions, the structure of rocks, hydrogeological, morfological conditions, geo- 
thermic gradients and gas conditions. 4 

In Hungary, it is primarily the Mesozoic tracts of carbonate rocks and the 
deep-laying section of the Pliocene (Pannon) blocks and.particularly the upper and 
lower Pliocene limiting layers that are distinguished by ample thermal-water supplies. 
Therefore a common map has been plotted to illustrate the dimensional situation 
of these formations. With the topographical and gas conditions as well as the geo- 
thermic gradients taken into consideration, it will be possible to ascertain from the 
map the regions with no potentiel thermal-water supplies or, on the contary, with 
one, two or even three opportunities for drawing thermal water from the rocks. 
In Hungary, the exploitation of thermal waters is made particularly favourable by 
the low geothermic gradients, being 18 m/1 °C in the Hungarian Plain, 20 to 24 m/1 °C 
in the northern, mountaneous regions of the country; these values of geothermic 
gradients are in close relationship with thermal conductivity and structure of rocks. 


5-8. Hydro-Chemical Survey Maps of Hydrogeological Regions 

Scale 1 : 1,000,000 

In addition to hydrochemical maps plotted in conformity with the geological 
age of water supplies in order to ascertain the genetical conditions of ground water, 
also informative maps have been made in parctically important characteristic features 
of waters drawn through artesian wells. Four of them are exhibited, plotted in 
circular diagramms to illustrate the following particulars of layer-water drawn in 
the individual hydrogeological regions: 

5. the average percentual frequency of total hardness, irrespective of the depth 
of aquifer; 

6. percentual frequency of total hardness in conformity with the depth of aquifer; 

7. average percentual frequency of ferric contents; 

8. frequency of ferric contents in accordance with depth. 


9. Hydrographic Survey Map of Buda-Pilis-Dunazug and Gerecse Mountains 

Scale 1 : 100,000 

The hydrogeological conditions in the 13 mountaneous regions of Hungary 
are represented in separate survey maps, three plotted for each region with a common 
legend; one hydrographic, one hydrogeological and one hydrochemical map. 

The hydrographic maps contain the following particulars with their most important 
characteristic features: springs, surface waters, bored wells, the major dug-up wells, 
waterworks, surface watersheds, various hydrometeorological stations, swallers, 
subsurface streams, mines with bailingup, weirs, thermal waters and baths, with 
the indication of their specific chemical assays. } 


10. Hydrogeological Survey Map of Buda-Pilis-Dunazug and Gerecse Mountains 

Scale 1 : 100,000 

The hydrogeological map—like those of the other mountains plotted with a 
common legend—represents the following particulars: 

The borders of hydrogeological regions, the hydrogeological characteristics - 
of geological formations, i.e. the degree of water-bearing capacity indicated with 
different colours and the particular types of rocks determining the manner of water 
reservation (indicated in a graphical way), the bordes of major hydrogeological 
formations, structural elements of rocks (pointing out their hydrogeological roles) 
and the direction of flow of various water streams. 


11. Hydrochemical Survey Map of Buda-Pilis-Dunazug and Gerecse Mountains 
Scale 1 : 100,000 
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Plotted with a common legend the hydrochemical map contains the characteristic 
data of the individual waters represented in the map, expressed in percentual equi- 
valents by circle diagrams. The map gives, in a linear representation, the dissolved 
materials, the total hardness and the intensity of radium emanation. 


The accompanying explanatory text gives additional tables on numerical chemical 
data. 


12. Distribution of the Kinds of Rock in Depth-Intervals of 50 m in Szolnok County 

Scale 1 : 250,000 

To the evaluation of some area it is indispensable to be well informed about 
the quality of rocks seated in the depth and their stratification. Bore specimen brought 
up from borings earlier sunk, but still with the jet rotary drilling technology used 
to-day is not fit for giving an exact picture of the stratification of the rocks of the 
area developped only with a few borings. This especially relates to the alluvions, 
where the particular geological formations have in areal extent as well as in depth 
a very great variety. 

With taking into consideration all this, however, from the data of numerous 
stratification planes the percentage rate of the pervious and impervious formations 
can be stated with great accuracy and the conclusion can be drawn as to the possibilities 
of water exploitation from the various depths of the mapped area. 

On our map the percentage rate of the layers fit for water exploitation and the 
impervious one are shown in each depth-interval of 50 m, according to the enclosed 
legends. 

Since the rocks of the demonstrated area are alluvial formations, there is a very 
various petrographic structure to be reckoned with. The exact rate of the sort of 
material shown in a particular depth-interval can also only then be reliable when 
the map is not compilated on basis of one layer range but with evaluation of 
several profiles. The rate of geological formations was stated here within the frame 
of one locality, thus in a relatively small area and the percentage rate was always 
computed from several boring layer ranges. 

The map gives a general view of the geological structure of the little details of 
a relatively Jarge area. It can be stated what possibilities of water exploitation in 


each depth-interval of 50 m are to be reckoned with. This mode of illustration proves 
to be fit to a high degree for the statement of areal extension as well as in depth of 


the detrital cones. 


13. Average Yield of the Artesian Wells of Szolnok County 

Scale 1 : 250,000 

From the point of view of practical water exploration as well as of planning 
in perspective, it is very important to know that out of a certain depth, over a given 
area, how many 1/sec running and negative artesian water can be exploited in an 


average. ; 
On the enclosed map the exploitable water yield averages are shown in each 


depth-interval of 50 m. get ie 
The depth-intervals of 50 m are horizontally drawn, over this line are the positive, 
under it the negative exploitable artesian water yields in such a manner that vertically 
1mm corresponds with 10 1/min water quantity. 
The mean value of the illustrated water quantities refects the average yield 
of a number of artesian wells driven into the same depth-interval of 50 m. The data 


are computed from 1780 wells, from the value of a water quantity totalling to 


52 569 1/min. - 
The depths out of which negative or positive artesian water can be exploited 
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can also be read from the map. At planning in perspective, it gives orientation that 
over the area of some locality how many 1/min water can be exploited from certain 
depths. 


im, 


B. Som AND SOIL EROSION MAPS 


14. General Maps of Soil Survey, type Kreybig 

Scale 1 : 25,000 

The general maps of soil survey were partly constructed in the Hungarian Geolo- 
gical Institute, partly in the Research Institute of Pedology and Agrochemistry of the 
Hungarian Academy of Sciences. 

Survey and construction of the maps were—according to the ideas and under 
the direction of Kreybig—carried out in the initial times by ten, later on by forty 
collaborators. The nationwide cartographic work began in 1933 and was completed 
in 1951. 

From the maps those chemical and physical proprieties of the soil can be read 
which play part in plant cultivation. 

On basis of the colours it can be stated where are the areas with periodical water 
stage and which are permanently covered with water, and where are the forests. 
Where are soils with carbonic chalk content, neutral soils, sour land, and alkali 
soils that are to a different degree agriculturally utilizable. The hatchings and 
punctuations of various kinds give information about the cohesiveness of the soils, 
the areas with shallow humus layer and the marshlands. 

On the printed maps in the characteristic areas numbers are written from which 
the humus content, the thickness of the humus layer, the depth of the water table, 
as well as from the Roman numbers, on basis of Sigmond’s soil-system: the species 
of soil can be read, the principal type and the secondary one too. 

One part of the map was published in print, the other part in aluminium impres- 
sion, hand-coloured. To the printed ones belong also an annotating booklet containing 
besides the external survey and internal laboratory examination data, also the geolo- 
gical, hydrological, hydrographical and plant cultivation conditions of the area, 
to the second type belongs only the report of the handwritten external survey and 
internal laboratory examination data. 

The huge mass of facts inherent in the general maps of soil survey serves as 
base of the plotting of the genetic soil map and the soil erosion map, but gives great 
help also to the plotting of other special maps. 


15. Genetic Soil Map of Hungary 

Scale 1 : 500,000 

Constructed in the Research Institute of Pedology and Agrochemistry of the 
Hungarian Academy of Sciences in 1959. 

Aim of the construction of this map was to state—investigating systematically 
and on a scientific basis the natural conditions and possibilities of cultivation of the 
country—the geographic extension of the various soil types and to clear up to causes 
of differences in the fertility of the various soil types. 

The map presents the soil types and secondary types come into formation in 
the country in different colours, while the physical proporties of the soils and the 
parent rock is shown by hatching. The map separates 29 genetic soil types and 
secondary types. 

The survey of the various genetic soil types of the country began in 1952. The 
survey was carried out by six collaborators. At the cartographic work the general 
maps of soil survey, type Kreybig, (1 : 25,000), were utilized, completed with the 
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researchers’ own data, and elaborated on working maps on 1: 75,000 scale. The 
first genetic soil map on 1 : 200,000 scale has been completed in 1955 on basis of 
the working maps. This map shows 22 types and secondary types, and over areas 
where the delimitation of two different soil types could, because of the scale of the 
map, not been solved, uses also complex symbols. Over undulating and hilly countries 
it shows also the soil forming rocks. 

The above described genetic soil map of Hungary on 1 : 500,000 scale has been 
plotted in 1959 on basis of the first genetic soil map and with taking into consideration 
the newest soil classification system. 


The maps were for the time being published in aluminium impression and 
hand-coloured. 


16. Soil Erosion Map of Hungary 

Scale 1 : 500,000 

Constructed in the Research Institute of Pedology and Agrochemistry of the 
Hungarian Academy of Sciences in 1959. 

Aim of the soil erosion map is the survey of the areas of the country eroded to 
a different degree furnishes a basis for the study of the forms of appearance and 
the process of soil erosion and for the elaboration of soil protecting methods, as 
well as for the statement of areas of application of the various methods of defence. 

The erosion map lays stress on the illustration of the wearing down of the humus 
layer. This is shown in four stages : 

1. Areas non-eroded or eroded to an unimportant degree. 

2. Areas slightly eroded where less than 30 % of the humus layer has been worn 
down. 

3. Area of secondary erosion, with wearing down of 30-70 % of the humus layer. 

4. Wearing down of a high extent where 70 % of the humus layer worn down. 

It illustrates besides : 

5. The deposited sedimentary areas. 

6. Channelled erosion, the gullies according to their actual situation. 

7. It indicates the areas with remarkable wind erosion. 

8. It shows the parent rocks. 

The mapping of soil erosion began in 1952. The survey was carried out by two 
collaborators, taking into consideration the general maps of soil survey, type Kreybig, 
on 1: 25,000 scale. The scale of the working map was 1: 75,000. On basis of the 
working maps were plotted on 1 : 200,000 scale the erosion map of the territories 
beyond the Danube in 1956 and that of the Northern undulating country in 1958 
in form of aluminium impression and handcoloured. The above soil erosion map 
summarizing these maps was constructed in 1959 on 1 : 500,000 scale, in form of 
aluminium impression and hand-coloured. 


C. GROUNDWATER CONDITIONS ON THE HUNGARIAN PLAIN 


No up-to-date water conservation policy can be developed without a clear 
picture about groundwater conditions. 

In flat, plain territories the «free» groundwater, which fills the pores of the 
upper aquifers, constitutes one of the most important factors in water balance, and 
is involved in all branches of water conservancy. 

Organized groundwater research is carried out at present in Hungary at two 
institutes: the Hungarian State Geological Institute and the Research Institute for 


Water Resources. he 
The first task in collecting information about groundwater conditions is to 


229 


carry out the necessary surveying and mapping work. This work was performed by 
the Hungarian State Geological Institute under the, direction of dr. A. RONAI on 
basis of 750,000 well measurments (Maps Nr. 17 and 18). 

Similar information on Static groundwater conditions alone is unsatisfactory 
for the development of an up-to-date water-conservation policy. 

The final purpose of the geohydrological research can be defined in determining 
the quantitative characteristics of the natural groundwater balance and the real 
movement values of groundwater. The basis of examination is formed by the observed 
ground-water fluctuations. 

The Research Institute for Water Resources has at present systematic ground- 
water observations carried out—in every third day—for 2200 observation wells. 
On the basis of the observation data a systematic ground-water stage prospectus 
is published, the forecast of the maximum spring ground-water stage to be awaited 
for is completed in every year, and the regularities of the ground-water household, 
as well as the geohydrological characteristics are examined. 

The maps Nr. 19 and 20 represent two examples for the monthly ground-water 
stage prospectus. The maps have been constructed by I. Diossy. 


17. Density of Ground-Water Wells on the Hungarian Plain 

Scale 1 : 400,000 

The wells registered in 1950-1957 in the well cadaster of the Hungarian State 
Geological Institute. 

One dot represents one digged well. 


18. Average Depth cf the Water Table under the Land Surface on the Hungarian 
Plain 

The depth of the water table under the surface was stated on basis of 750,000 well 
measurements carried out from 1950 to 1955 and completed from 1957 to 1959 (on 
each km? 15 wells on an average). The measurement results of the different periods 
were—on basis of well measurements carried out in 300 groundwater observing wells 
during 15-20 years every 3 days, further in 500 wells, each during half a year, everyday 
—adjusted and converted into a mean value. 

The criginal map material was plotted on maps of 25,000, that of cities and 
villages on maps of 5000. 

Key to the signes used: Average depth of the water-table under the land surface 

0-2 m 3-4 m 5-6 m 7-8 m 9-10 m 

2-3 m 4-5m 6-7 m 8-9 m 10- 


19-20. Informative Maps of Monthly Groundwater Stages on the Hungarian Plain 

Scale 1 : 500,000 

Its aim is: to give every month systematic orientation about the ground-water 
conditions, in the first line to the institutions dealing with water economy further 
to the water supply, to agriculture and forestry, to civil engineering, as well as to 
give warning in good. time as to danger of excess waters to be drained off to the 
competent organs, in order that they may take the necessary measures. 

Interpretation of the map: The map is exclusively limited to lowlands, containing — 
the area of the Hungarian Great Plain. On the map the deviation of the actual ground- 
water stage from the long-year average is isometrically illustrated. From the data 
collected every month we compute monthly averages and state the deviation in cm 
from the long-year average of the same month. The observing spots are marked 
with small circles beside which the monthly water stage deviations can be seen, the 
plus sign furnishing the higher, the minus sign the lower stages than the average. 
The contour lines were plotted from these data with interpolation. Along the «O» 
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contour line the water stage tallies with the long-year average. This line, at the same 
time, separates the areas with higher and lower situated proandeya ted stages than 
the average. For better illustration the map has been coloured, according to the 
colour explanation given in the lowest part of the figure. The places where the water 
stages are higher than the longyear average, are marked with blue, those lying lower 
are marked with red. 

On lowlands, the fluctuation of the water table is closely connected with the 
quantity of the fallen channel precipitation, therefore, the precipitation conditions 
of the preceeding month are given on the right side of the figure and under them also 
those of the month in question. The method is the same as with the ground-water 
the deviation of the monthly sums of precipitation from the long-year average is 
plotted isometrically. Thus correlations can be stated between the two natural pheno- 
mena and the variation of the ground-water stage in function of the precipitation 
well be followed. 

To the purpose of comparison we present the maps of March 1957, which had 
precipitation in abundance (map Nr. 19) and of March 1959, which suffered from 
precipitation deficiency (map Nr. 20). The maps reflect the correlation between 
precipitation and ground-water. 


D. THE QUALITY OF GROUND-WATER 


21. Chemical Character of the Ground-Waters in Hungary 

Scale: 1 : 400,000 

The work of chemical analysis of the bore specimens collected in 1950-60 on 
occasion of the geological mapping of the lowlands, was carried out by the chemical 
laboratory of the Hungarian State Geological Institute and Mr. A. Ronai plotted 
the map on basis of the results of th’s. 

Key to the symbols: The quantity of the total salt quantity diluted in water is 
proportionate to the surface of the circle serving as base of the figure. The surface 
of the triangles illustrating the individual cations (on the right side of the figures) 
and the anions (on the left side of the figures) is proportionate to the equivalence 
percentage of the particular ions. 

Explanation: The figures show the composition of the salts of water samples 
taken from the upper equifer. The sampling was carried out from digged wells or 
from borings. The water samples were analysed by Mr. Dr. K. Sarl6 and Mrs. T. Rapp 
in the chemical laboratory of the Hungarian State Geological Institute. 


22-27. Water Quality Maps Illustrating the Water Quality of the Upper Aquifer of 

Hungary 

The importance of the exploration and utilization of the ground-water is conti- 
nually on the rise both in Hungary and abroad. No industrial planning, no water 
supply, no agricultural utilization are imaginable to-day without the knowledge 
of the chemical composition. We have therefore, on basis of the data being at disposal 
at the various institutions of the country dealing with water analysis, plotted three 
maps on 1 : 200,000 scale, illustrating on them the water quality conditions of the 
upper aquifer of Hungary. 

These maps have been prepared by the Research Institute for Water Resources 
under the direction of Mrs. L. Szebellédy. 


The first map shows the variation of water hardnesses, the second reflects the 
concentration relations of the sulphate content of the waters, while the third illustrates 


the variation of the various water types. 
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As for the rendering at the maps of the hardnesses and the sulphate content, 
we thought the representation with isometric lines the fittest. 

At the third kind of map, at the illustration of water types, we abandon the use 
of isometric lines. We classify the waters according to their anion and cation contents. | 
The base of this classification is the relative overweight of the three most often 
occurring anion: the chloride, sulpbate, and hydrocarbonate. The results of the 
analyses are expressed in equivalence percentage. In the particular types those waters 
are arranged in which the equivalence percentage of the anions and cations surpasses 
25, the equivalence of cations and anions are computed separately. Hence 7 kinds 
of cation and 7 sorts of anion variations are possible, in total, also, 49 kinds of water — 
types, out of which 2 variations do not occur in Hungary. To facilitate the use of 
the map, we have marked the cation variations with colours and the anion variations 
with hatching. 

About 25,000 data were elaborated to every particular map. 

The maps were originally plotted on 1 : 50,000 scale and pantographed afterwards 
to 1 : 200,000. 

Some sheets belonging to the printed map on | : 200,000 scale of the hardnesses, 
sulphate, type map, respectively, are parts of the exhibited material. 

The two isometric maps on 1 : 500,000 scale were plotted on basis of the hardness 
and the type maps, with less contour lines. 

The type map on 1 : 200,000 scale of very varying qualities could not have been 
reduced to a greater extent thus, we only ‘ndicated on the map of 1 : 500,000 scale 
the waters unfit for irrigation. 

The exhibited water quality maps are as follows: ! 

22. One sheet of the map on 1 : 200,000 scale illustrating variation of the total 
hardness. 

23. Map of total hardness on 1 : 500,000 scale of the whole Hungary. 

24. One sheet of the map on 1 : 200,000 scale indication the sulphate content 
variation of waters. 

25. Map of the sulphate content of waters of the whole Hungary, on 1 : 500,000 
scale. 

26. Map on 1: 500,000 scale displaying the waters unfit for irrigation of the 
whole Hungary. 

27. One sheet of a type map on 1 : 200,000 scale. 


IV. AFRIQUE DU SUD 


L’Afrique du Sud présente : 

1) une carte a grande échelle (1/10000) de Vryburg et des environs dans la 
province du Cap. Cette carte est géologique, mais on y a tracé les courbes de niveau 
de l’eau souterraine et on y a marqué emplacement des puits et sondages. 

; 2) une carte a grande échelle (1/50.000) du Far-West Rand, dans une région 
miniére de la Série Dolomitique qui est la série moyenne de la Série Transvaal 
(Précambrien). L’intérét de la carte est de montrer le rabattement de la nappe da 
aux pompages des installations miniéres: on y trouve les courbes de niveau de la 
nappe avart et aprés pompage. 

3) deux coupes géologiques avec la surface des nappes aquiféres des environs 
de Vryburg (voir 1). 

4) deux coupes du méme genre dans le Far West Rand (voir 2). 

5) une série de coupes et diagrammes montrant l’application des méthodes 
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de résistivité électrique, magnéti we 
aquiféres. que, magnétique et électromagnétique dans la recherche de sites 


V. ITALIE 


eo cartes présentées par I’Italie sont surtout relatives 4 l’Erosion des Sols 
he l’étude de M. Gazzolo, publication n° 53 de 1’A.I.H.S.) et a la répartition des 
pluies. 


VI. TUNISIE 


La Tunisie expose: 

1) la carte hydrogéologique de Hadjeb El Aioum. 

2) la carte hydrogéologique de Kasserine, toutes deux a l’échelle de 1/50000. 
3) une série d’autres cartes. 


Vil. U.R.S.S. 


Brief characteristic of Hydrogeological and Engineering-geological Maps of 
the USSR territory shown in Helsinki at the Exhibition of the XII-th Internatio- 
nal Assembly of the Committee on Geodesy and Geophysics. 


by G.V. BOGOMOLOV, B.F. MAVRITZKY 
(Laboratory of Hydrogeological Problems, USSR Academy of Sciences) 


At the exhibition were shown 10 maps covering the territory of the Soviet Union 
and its various great regions. 

Noted among the review maps must be the map on the hydrogeological divi- 
sion into districts of the USSR territory (scale 1 : 7500000), a supplement to the work 
of G.N. Kamensky, M.M. Tolstikhina and N.I. Tolstikhin entitled «Hydrogeology 
of USSR», published by Gosgeoltekhizdat in 1959. On the indicated map are discer- 
ned three regions done in various hatching and different colours : 1. artesian basins 
of platforms; 2. hydrogeological massifs and folded regions; 3. artesian basins of 
folded regions. In the limits of each of the said regions are indicated in ciphers the 
position of isolated artesian basins, of folded regions and of hydrogeological massifs 
(fig. 1). 

On the map are plotted principal elements of the hydrogeological division into 
districts on the basis of geostructural subdivisions; in the limits of the latter under- 
ground waters are united into a unique zonal system under definite hydrogeological 
conditions. The discerning of hydrogeological districts allows to ascertain in this 
or that region the presence of underground waters fit for aims of water-supply, irri- 
gation and other needs. 

The second review map—«the Hydrochemical map of USSR» (scale 1 : 5000000) 
was elaborated by a body of authors under the direction of I.K. Zaitsev; it was issued 
along with an explanatory note in 1957 by Gosgeoltekhizdat. This map reflects the 
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Elaborated by 


EUROPEAN PART OF USSR , URALS AND CAUCASUS 

Artesian basins: 1 - Baltic basin; artesian basins of cent- 
ral, eastern and western parts of the Russian platform (Russian 
artesian complicated basin): 2 ~ Mosoow ; 3 - Northern Dvinsk; 
4 - Pechersk group of artesian basins (Peohersk, Ussinsk, Karo- 
taikhsk); 5 - Volga - Caspian basin; 6 - Sursk - Khopersk ba- 
sin; Dniepr-Donetzk complicated basin; 7 - Donetzk - Don; 
8 - Dniepr; 9 - Lvov basin; 10 - Chernomorsk basin; 11 - Azov 
basin, inoluding: 12 - the Brgenin hydrogeological region; 
13 - Tersk-Kumsky basin; 14 - Caspian basin, 


Folded regions and hydrogeologioal massifs: 15 - Baltio mas- 
sif; Ukrainian folded region: 16 - Podolsk folded region; 
17 = Azov massif; 18 - Donetzk folded region; 19 - Timan fol- 
ded region; 20 - Urals folded region; 21 - Carpatian folded re- 
gion; Crimesa-Caucasian complicated folded region: 22 -Crimean 
folded region; 23 - Keroh-Taman syotem of small artesian basins 
24 = folded region of Great Caucasus (Groat Caucasian); 25-fol- 
ded region of Small Caucasus massifs (Small Caucasian); 26-Rion.- 
~Kura system of small artesian basins. 


CENTRAL ASIA AND EASTERN KAZAKHSTAN 


Artesian basins 


Group of Aral artesian basins: 27 - Turgal; 28 - Syr-Daria 
basin(inoluding 28, the Tashkent artesian basin of second or- 
der): Amu-Daria (Karakum) basin; 30 - Transoaspian West-Turk- 
menian); 31 - Krasnovodsk - Mangyshlak, including following 
basins of second order: 34,4- Krasnovodsk, 315- Mangyeh lak. 


Folded regions and hydrogeological massifs: 32 - Mangyshlak 
folded region; 33 - Ust-Jurt system of small artesian basins; 
34 - Tuarkyr folded region; 35 ~ Balkhan folded Tegion; 36 « 
Kopet-Dag folded region (36, - hydrogeological region of mount 
Maly Balkhan); 37 - Southerd Tajik system of small artesian ba- 
sins; 38 - Pamirs'’ massif; 39 - Alai massif (including 39, -the 
Zeravshan intramountainous artesian basin); 40 - Kyzylkum sy- 
stem of small artesian basins and troughs with protrusions of 
the Paleozoic basement; 41 - Ferghana artesian basin; 42 »Tien- 
-Shan massif; 43 - Chui artesian basin (43,- Sarysui artesian 
basin); 44 -Iliy artesian basin; 45 - Djunger hydrogeological 
massif; 46 - Alakul - Balkhash artesian basin; 47 - Tarbagatay 
folded region; 48 ~ Zaisan artosian basin; 49 - Northern Kaza- 
khstan folded region (49, - Akmolinsk Tengiz - Kurgaljin arte- 
sian bassin} 495 - Karaganda artesian basin), 
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MAP OF HYDROGEOLOGICAL DIVISION INTO REGIONS 
OF THE USSR TERRITORY 


G.N.Kamensky , 
stikhina. 
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SIBERIA AND THE FAR-EAST 
Artesian basins 


West-Siberian artesian basin: 50, north-western w 
50, - western wing, 50, - southwestéra part - Tobo 
618m basin; 50, - irtidh artesian basin; 50. - Kula 
naul artesian Basin; 50, - Chulim artesian Basin; 
(Ienisei) wing; 50, - 08 artesian basin - central p 
West-Siberian arteSian basin; 50 - Kare artesian ba 


East-Siberian group of artesian basins: 51 - \ 
52 - Khatanga (52, - Lower Kotui hydrogeological re 
525 - Lower Olenék hydrogeological region); 53 - 
54°- Angata - Lena (54, - Upper Lena, m5 - Irkuts! 
Kansk, Sy - Angera),. 

Folded regions, 
other artesian basins: 
(56, - Chulman artes 
58 - Sayan - Altai f 


Sayan massif; 61 - Ieni 
Turukhan folded region; 63 - Khantai folded ri 
East-Siberian complicated folded region, including 6 
- Baikal - Chare folded re 
; 67 - Stanovol h¥drogeologi 
- Upper Zeya artesian basin; 69 - Djagdyn 
gion; 70 - Lower Zeya artesian basin; 71 - Burein fi 
gion (71, - Burein intramountai 
Amur folde 
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1 - Platform artesian basins; 2 - hydrogeological 
and folded regions; 3 - foldea regions' artesian 
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SCHEME OF DIVISTON INTO REGIONS FORK USSR 


I. Regions of recent orogenesis and of present-day 


me 


Mountain regions deeply cooleé by descending waters, 
ssure hydrothermal and artesian basins of hot waters 
onic down-throws and depressions. 

1. Zone of alpine fold with numerous basins of 
-rmal and overwarmed waters of diverse composition and 
igation ( nitric, carbonaceous thermal and oth.). 

2. \'arginal downthrows of the alpine folded zone with 
ssins 0 ot and overheated waters, possesei great 
asure and, in the main, high mineralization ( hydrogen 
s_methane, nitric and oth.). 

3. Rerions of ancient folded systems with fiscure and 
a thermal waters 0 ie "ecrothermae” type and others. 

4, Irovinee of Transbaikelian fissure thermae and of 
un siPld, mainly In granitoids, and of ar esian hot, 
sed waters in deep intramountain depressions of the 
» type ( nitric and oth. waters ). 

5. Regions of Mesozoic roraings with fissure and arte- 
‘rmal waters of various compos on in synclinal down- 
nd depressions. 

6. The Pacific volcanic belt of Paleozoic fold: with 
fissure artesian waters. ; 

7. The Kuril-Kamchatkea zone of present-da volcanism 
serous vapour-hydrothermae of Tumarole and others types, 
and artesian basins of hot and highly overheated 
formed in the direct action sphere of volcanic centres 
rous-carbon dioxide, acid, nitric and others ). 


latforms and plates 


nani Siberian p 
tes ) with hot and overheated waters in deep horizons 


edimentary mantle on ancient folded formations. 

8, The Ruad@ian end Siberian platforms. Great, closed 
f head pressure waters, of diverse ermelity, and of 
da and very high mineralization, in Paleozoic and other 


“8; hi temperature ana overheated waters in deep 
‘ons ae pad inontary, mantle ( carbon-dioxide, methane 


THERMAL WATERS 
elaborated by F.A,Makarenko 


3. West Siberian and Central Asia plates. Great ba- 
sins of thermal and Seanad altatscennath acl cace horizons 
and downthrows of the sedimentary Meso-Cenozoic mentle ( in- 
ereased and of high mineralization ), 

10. The Urals and other regions deeply enoled by 
upper waters. [I e perspectives for deep ermal water: 
except local centres of warmth ( Tangan-Tan ). 

TII. Region of constant ever-frost. Regions of deen 
intrusion of overcooled waters with extrusion on the surface 
of separate big thermae; lower than the kryozone-regional 
development of thermal waters in deep depressions of structures. 

11. Mean yearly isothermae of air, being close to 
the temperature of the neutral layer ( at the foot of the 
heliothermozone ). 

12. Development regions of carbon dioxide thermal 
and cold waters. 

! 13. Natural outcrops of certain principal groups of 
thermal sources, 

14. Great basins of USSR thermal watere : 1. Moscow 
basin; 2. Pechora; 3. Preurale; 4, Dniepr-Donetz; 5. North- 
Caspian; 6. Riga; 7. Chernomorsk; 8 Tavrida; 9. Kuban; 

10. Tersko-Kumsk; 11. Rion; 12. Kura; 13. liangyshlak; 14, ‘est— 
Turkmenian; 15. Emba; 16. Mara-Kum; 17. Kopet-Dag; 18. Golodno- 
stepsk; 19. Chui; 20. Perghana; 21. Balkhash-rAlakul; 22. Upper 
Irtish; 23. Northern Aral; 24. Tengiz; 25. Jjest-Siberian 

¢ with deep Kase and Piassin downthrows ); 26. 'inusinsk ( and 
adjoining depressions ); 27. Taimir; 28, Olenek; 29. Tumguska; 
30. Lena-Khatenga with the Yakutsk basin; 31. Viluy; 32. Anga- 
ra-Lena ( Irkutsk ); 33. Basin of intramountain depressions 

of Transbaizalia; 34. Ze Selemjin; 35. Lower Amur ( Ussurian); 
36. Khanka; 37. Amolmn; 58, Basins of the folded Primorié; 

39. Sakhalin basins; 40. Okhotek littoral; 41-42. Upper Indi- 
girka and Middle Indigirka ( of the Indigirka depressions ); 
43. Kolyma-Indigirka; 44. Anadyr depression; 45. Chukotka; 

46. Lower Anadyr; 47. Gaun; 48, Koriak; 49. Central Kamchatka; 
50. Western Kamchatka. 


’ 


Fig. 2 


235 


{s 


a) Gee Ee 


| 


i 
| 


ee 


Aiea! 


\ 
i 


( 
| 
)) 


| 
NY 


ie 
| | 
Vi 
LUN 
aS 


l; 

aoe Sa NN 
<+ Soe EE ‘ 
=, / Etavad St NG 
wa) ; \ ey : WN 
By SS | Se N 
ete 
a 
> 


Fig. 3 


Fig. 3 — Schematic Paleohydrogeological map of the Central and Western parts 
of the Russian Platform (end of Famenniar stage). 
1-Distribution limits of stratigraphic complexes; 2—sohypses of the crystalline 
foundation surface; 3—outcrops of crystalline archean rocks; 4—distribution 
regions of fresh underground waters; 5—distribution region of mineralized under- 
ground waters. 
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SCHEMATIC GEOTHERNAL MAP OF THE RUSSIAN PLATFORM 


ISOTHERMAE OF THE BASEMENT SURFACE 


elaborated by V.A.Pokrovsky and B.G.Poliak 
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GSOTUERMAL “MAP OF THE PREJURASSIC BASEMENT'S SUR- 
FACE OF THE WEST-SIBERIAN ARTESIAN BASIN 


elaborated by B.F.Mavritzky, according to material of oil- 
prospecting and other organisations, 1958. 


Conventional signs Zones with temperature: 


° 
Outcrop limit of Prejurassic basement on the = piles 0 
surface from 75 to 100° 
Limit of Geothermal zones [777] from 50 to 75°C 


Stratoisohypses of the Prejurassiec basement E55 from 25 to 50% 
surface in absolute marks 


(ITT) lower than 25% 
Principal migration direction of underground 
waters 


Temperature in % 


Absolute mark of the Prejurassic basement 


Fig. 6 


principal distribution laws of various types of underground waters on the territory 
of USSR and servies as basis for the evaluation of occurrence depths of fresh and 
mineralized waters, of industrial brines, and also related to hydrogeological 
prognostics. 

The third review map—«a Schematic map of division into districts for thermal 
waters of USSR» (scale 1:7500000) was elaborated by F.A. Makarenko and issued 
in 1960 by the Publishing House of the USSR Academy of Sciences. This map gives 
a characteristic of the thermal regime of various geological structures with due regard 
on the hydrogeological environment. On it are discerned three great hydrothermal 
provinces: I. The province of recent orogenesis and of present day volcanism; Il. —of 
platforms and plates; I1I.—of permafrost. In each of these provinces are characterized 
distribution regions and zones of deep-seated vapour hydrothermal and of high- 
temperature artesian waters. The map gives a general characteristic of the thermal field 
distribution in USSR and on it are discerned regions both for further more detailed 
investigations and for the use of heated underground waters in district heating 
and in other practical aims (fig. 2). 

Various regions of the USSR territory are reflected in a number of maps for 
different purposes. 

Here is included the paleohydrogeological map of the Russian platform terri- 
tory (for the Devonian period), scale 1:3000000, elaborated by B.V. Bogomolov, 
G.N. Tetsman and L.I. Flerova and edited by Gosgeoltekhizdat in 1960 in the «Col- 
lection of reports» «Problems of Hydrogeology». The map allows to ascertain the 
paleogeological and paleohydrochemical conditions under which proceeded the 
forming of underground waters during the indicated lapse of time. This map has 
importance as one of the possible methods for prognosticating the search for minerals 
on the basis of paleohydrogeological data (fig. 3). 


For the territory of the Russian platform a geothermic map (scale 1:4000000) 
was elaborated by E.A. Pokrovsky and B.G. Poliak, with the plotting of isothermal 
along the roof of the crystalline foundation. This map was issued in the same Col- 
lection as the above mentioned one—in «Problems of Hydrogeology». By reflecting 
the specific character of temperature conditions in various geostructural unities of 
the region, this map allows to judge about the temperatures maxima in the limits 
of the sedimentary covering, that define in many cases the march of physical proces- 
ses. The map gives the possibility of prognosticating the perspectives for the use of 
natural waters as sources of heat (fig. 4). 

Interesting is the sketch map on the prognostic of artesian basins in Kazakhstan 
(scale 1:5000000) elaborated by U.M. Akhmedsafin and issued in 1957 by the Kazakh 
SSR Academy of Sciences as a supplement to the work entitled «Water Resources 
of Kazakhstan». This map covers desert and semi desert regions of the Republic 
and has importance for the seach of underground waters fit for water-supply and 
irrigation (fig. 5). 

For one of the greatest hydrogeological regions of the Eastern part of the Soviet 
Union—Western Siberia—were elaborated by B.F. Mavritsky two maps. The first 
one, issued in 1958 by the Laboratory of Hydrogeological Problems, USSR Academy 
of Sciences, in the «Collection of Articles on Hydrogeology and Engineering Geology», 
characterizes the southern part of the West-Siberian artesian basin (Irtish artesian 
basin). This map is a sketch of the hydrogeological districts in the indicated basin and 
gives a notion on the composition and mineralization of underground waters, con- 
tained in various. Water-bearing rock complexes. The second map «Geotemperature 
zones distribution along the surface of the Pre-mesozoic foundation of the West- 
Siberian artesian basin», scale 1:8000000, was issued in 1960 in the Izvestia Academii 
Nauk, USSR, geological series N 3. This map allows to judge about the temperatures 
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maxima in the sedimentary covering and has significance as a basis in the seach for 
thermal waters for aims of district heating, balneology, etc. (fig. 6). 

Besides review maps and maps characterizing some of the regions of the Soviet 
Union, at the exhibition were shown models of maps, that were supplements to the 
methodical instructions for the elaboration of hydrogeological and engineering- 
geological map. Some of them-models of hydrogeological maps in various scales 
(from 1:100000 to 1:1000000) give a notion of employed methods in hydrogeological 
mapping. These maps were elaborated in the Institute VSEGINGEO, USSR Ministry 
of Geology and Conservation of Mineral Wealth, and issued by Gosgeoltekhizdat 
in 1959. 

Elaborated was a model of an engineering-geological map, scale 1:500000, 
issued by Gosgeoltekhizdat in 1959 as a supplement to the work of I.V. Popov 
« Method of elaborating Engineering-Geological maps». According to accepted 
methods, on such a map are shown the natural conditions influencing the evoluation 
of fittness for this or that territory in purposes of construction. 

In conclusion, it is necessary to mention that the organization of an exhibition 
on hydrogeological and engineering-geological maps in Helsinki has not only a 
cognitive significance, but is also one of the forms of expansion of international con- 
tacts among scientists. These contacts must serve to the further progress of science, 
to the interests of cooperation between scientists belonging to diverse countries, 
to the interests of peace. 


Vill. U.S.A. 


On se reportera a l’article de M.J. da Costa, page 143 de ce tome. Toutes les 
indications susceptibles d’intéresser l’exposition y sont mentionnés. 


IX. ISRAEL 


Ce pays a exposé quelques cartes. 


X. ALLEMAGNE 


‘. L*Allemagne avait fait un effort tout spécial pour cette exposition et les par- 
ticipations du Prof. Karrenberg, du Prof. Grohmann, et de ses collaborateurs, du 


Dr: Keller, du Prof. Breddin, du Dr. Dieler et du Dr. Richter ont fortement 
retenu l’attention. 
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CONTRIBUTION TO THE SOLUTION OF THE 
FILTRATION LAW 


Dr. Ing. F. SLEPICKA 
Hydraulic Research Institute Prague 


SUMMARY 


From the analysis of the mechanism of flow throu i 
’ } gh porous medium the factors 
seencur ro sharon “sd sadiieee wed are pointed out. New dimensionless para 
s for the flow in the geohydra ical system are defined and on thei I 
general filtration law is derived. Sune Sake 
The analysis of the derived equation for the filtration velocity is carried out and 
a general expression for the exponent of the hydraulic gradient in the infiltration 
law is derived. 
_itis found, that three regimes of the filtration flow may exist, including the linear 
regime (Darcy’s law). 
The expression for determination of regime and its exponent in a given porous 
medium, corresponding to a given hydraulic gradient, is derived. 
The derived results are experimentally verified. 


1. INTRODUCTION 


Although the problem of water flow through porous media has been studied 
by many workers, there still remain even foundamental questions of the hydraulic 
process which are not quite understood. The results of the investigations often differ 
quite considerably from reality. The differences are due to the fact that the starting 
point for theoretical solution and practical applications is Darcy’s linear law, first 
pronounced in 1856 which, however, is either not applicable at all, or not quite suitable 
for the whole range of hydraulic possibilities in the geohydraulic porous system. 

There is no unity in the opinions neither about the mechanism nor about the 
methods of its mathematical description. But still it is the basic condition which 
allows a preciser solution of the investigations both in theoretical hydrodynamics 
and in practical applications in the field of hydraulic engineering and water 
conservancy. 

The further study of the problem of liquid flow through porous media is, therefore, 
not only a significant theoretical problem but it has also a great practical significance. 

In a comprehensive study, which is being prepared for publication, a detailed 
critical survey of the state of the research problem up to present, the analysis of 
the mechanism of flow through porous media, further the theoretically analy- 
tical and the experimental solution of the problem with its verification, the 
completion and limitations of the theoretical results reached are discussed. In the 
presented paper we want to give a brief summary about the part of the study dealing 
with the analytical solution of the form of the filtration law with its limits of vali- 
dity for different conditions of flow. 


2. THE MECHANISMS OF FLOW THROUGH POROUS MEDIA 


For a long time the uncertainty about the validity of the linear law has led to 
the endeavour to settle this problem. New forms of the filtration law have been repea- 
tedly derived, either as results of speculations presuming idealized conditions in the 
geohydraulic system, or using as basis experimental data. The forms of the filtration 
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law up to now, linear and not linear, were usually in the form of an exponential 
function, and that either as an exponentialsingleterm - 


v=k.If and I= a.y4, respectively (1) 
~ 
or in the form of a rational polynomic function with several terms 
I= ay + by’, or I= av + by? + cys (2) 


Comparison of the mentioned types of functions leads to the idea that the form 
of the filtration law could really be an exponential single term expression (1) which 
for low values of hydraulic quantities degenerates into a linear relation or practically 
approaches it; and further that the expression of the filtration law by a polynome (2) 
(expressions with two or more terms) can be considered as a substitute form of the 
unknown precise function in the form of an exponential single term expression (1) 
from which it would be possible to derive simply the form (2) by developping in series 
etc. 

Lately there has been the endeavour to express the relation similarly as it is done 
in the case of hydraulic pipes and channels by means of the Reynold’s Number, Re, 
although there are some doubts whether the expression, transcribed by mere mecha- 
nical analogy for the flow through porous media is suitable, especially when we 
consider that Re is valid solely for the activity of viscous forces; this, however, cannot 
in advance be considered as clearly valid and guaranteed even in the case of slow 
flow under complicated conditions in the porous media. 

Even if the linear law were justified for a limited range of hydraulic heads, as 
the starting values of the relation diagram, expressed by means of Re (Fig. 1), seem 


A 


10° 


10? 


° 


107. 19 105; = 107? recta 
Fig. 1 — The law of waterflow through porous medium as the relationship between 
the hydraulic resistance 2 = Igd/y2 and the Reynold’s number R = vd/y. 
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to prompt, the uncertainty about the nature of the flow outside this range remains, 
as can also be seen in this diagram: namely at higher hydraulic heads the relation is 
not even clear and mathematically expressible and, therefore, not even suitable for 
further use. 

Similarly as the investigation of flow in channels and pipes, hydraulic investi- 
gation of the movement of water in porous media has been limited to certain sections 
of the wide range of possible conditions. 


Up to present in the filtration theory there have evidently not been taken into 
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account several circumstances which appear very important just in the process of 
liquid flow through such a special hydraulic system as are porous media. And this is 
the reason why neither the whole complex of factors which take part in the process, 
nor their individual significance and mutual reactions have been quite comprehended. 

The presumptions of a hypothetical conception of the porous media as a system 
of pipes does not correspond to real facts: the complicated network of zick-zacking 
capillaries variously and variably joining, with constantly changing diameters, cannot 
by far be compared with a system of straight, parallel pipes of either equal or different 
diameters. The problem can neither be solved on the basis of flow through each 
single pore and even if the pore is the carrier of its own flow body and even if we 
must be informed in detail about the conditions just in these narrow elementary 
flow spaces. 

From the hydraulic point of view, the porous medium is a complicated system 
of irregular minature flow spaces. In these minature spaces, according to their size, 
form and joints, special physical conditions manifest themselves in different ways, 
including the so-called lyotrophic phenomena. They appear on the solid-liquid 
interface of the geohydraulic system, where the forces of molecular linkages evoke 
different physical conditions for the hydrodynamic process from those inside the 
liquid in the pore. The hydrodynamic process in a single pore as well as the total 
flow effect in the porous system proceeds differently than in a pipe of channel where 
in contrast to the pore we have to deal with single mighty bodies of flowing liquids. 

Even if we neglect the lyotrophic phenomena, the shape of the pore itself influences 
the hydraulic conditions, because even if the size of the cross-section area remains 
the same, the hydraulic radius can change considerably with the change of the shape 
of the pore. Contrary to the common concept of porosity, where the total volume 
of free interspaces in the porous material between the particles of its skeleton is taken 
into account, we encounter the conception of hydrodynamic porosity, varying with 
the driving force of movement, as the area of the active flow cross-section of narrow 
pores is reduced by the part taken up by the water which adheres to the walls and 
stops at the bends in the pores. If we assume that the binding forces are of decreasing 
activity from the wall of the pore towards its centre with the square of the distance, 
then it can be admitted that according to the conditions, the corresponding layer 
inside the pore can be hydrodynamically activated with the growing driving force 
of movement, when by its effect the binding forces acting on the circumference of 
the corresponding cross-sectional layer which hitherto had been hydrodynamically 
intact are overcome. 

Hence in the flow of liquid porous media, complicated phenomena can be encoun- 
tered which are related to the action of additional forces besides the external impulsive 
forces (gravity, pressure), and which are, however, evidently of quite secondary 
order when considering the flow in pipes or even in channels. These phenomena are 
both static and dynamic. They are evoked by cohesion forces between the smallest 
particles of liquid and the attractive forces between the particles of liquid and solid 
matter, which act only for very small distances but with considerable effects. Inside 
the liquid, there are phenomena which are related to the viscosity of the liquid. When 
both components of the geohydraulic system get into contact, we can observe the 
phenomenon of the so called contact tension,which can be compared to the surface 
tension appearing on liquid-air interfaces. 

Up to present the viscosity of the liquid represented besides its specific mass, 
under all circumstances its properties and their hydrodynamic influence in the process 
of flow. Perhaps this was one of the reasons for the contradictions between the theory 
and application of the theoretical conclusions. 

The mathematical examinations of the hydraulic phenomena are sometimes 
perhaps simplified by neglecting some of the forces, the effect of which is in the given 
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case insignificant and negligible. If we neglect the internal friction of the liquid, we 
reach the hypothetical conception of an ideal non-viscous liquid. In the liquid flow 
through porous media, friction represents a significant factor which has to be taken 
into account. Similarly it is necessary to reckon with the effect of special physical 
conditions at the interface of the liquid and solid components of the geohydraulic 
porous system. 


3. ANALYTICAL DERIVATION OF THE FILTRATION LAW 


In order to obtain a general equation for the filtration law, it is necessary to 
approach the problem in the widest extend of all possible standpoints. The lawful 
behaviour of the hydraulic process of liquid flow through porous media has then to 
be considered as a relation between the driving force of movement, the impeding forces 
which cause energy losses, and the total hydraulic effect in the given geohydraulic 
system. At the same time the special character of the porous media, as carrier of the 
irregular system of miniature flow objects, has to be taken into account, further the 
characteristics and the state of the liquid and finally the mutual physical relation 
between liquid and porous media. 

The participating factors can be characterized as follows: 

The basic independent variable is the force evoking movement. It is given by 
the superpressure between the two considered flow profiles of the filtration media 
or the difference between the hydrostatical heads h = ply. 

The second basic factor which is dependently variable with regard to the inde- 
pendently variable driving force, is the resultant hydraulic effect in the given system. 
It is expressed by the discharge Q of the volume V = V(a,b,c) in the time T, or by the 
filtration velocity v = Q/F, relating to the total area of the flow cross-section 
F = F(a,b), as function of its linear dimensions. 

The solid component of the geohydraulic system, the porous medium, takes 
part in the process on the one hand as the distance travelled by the water particles 
through the filtration medium and on the other hand by its hydrodynamic charac- 
teristics. As the mean distance travelled by the water particles, we introduce the length 
of the filtration medium L between the profiles in question. The hydromechanical 
characteristics of the porous media will be represented in the further treatment by 
the coefficient of hydrodynamical porosity, K, which in contrast to the coefficient of 
permeability, k, is related neither to the characteristics nor to the physical state of 
the flowing liquid. From the comparison of Darcy’s linear law and Poiseuille’s law 
follows that both coefficients are in the relation k = K y/y = (L/T), and that the 
coefficient K = (L?) is two-dimensional. This corresponds to its conception as hydro- 
dynamical characteristics of a system of flowing paths in the porous medium. 

The influence of the characteristics and state of the liquid will be represented 
by quantities which characterize them. It is the specific mass, 0, or the specific weight, 
y = Q.g, respectively, and the viscosity expressed by the kinematic coefficient of the 
internal friction, v, or the dynamic coefficient of viscosity 7 = Q.v. The influence of 
the compressibility of the liquid is represented by the coefficient of compressibility e, 
or the modulus of volume elasticity E = 1/e. 

The effect of the action of molecular binding forces on the liquid—pore interface 
at the walls of the pore will be represented by the coefficient of contact tension ds. 
This coefficient bs will be later replaced by the easier perceivable coefficient of water 
(0) on the air—water interface, (as the two coefficients belong to the same field of 
activity of molecular forces), or perhaps by the kinematic coefficient of capilarity 


@ = 0/0. The action of external forces is related to gravity, expressed by gravity- 
acceleration, g. 
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The conditions of the investigated process can be expressed by the general rela- 
tionship of twelve participating factors: 


f (a,b,c, T,L, K,h,g,0,%, 0, E) = 0 (3) 
or 

f(O,F,L,K,h,g,0,%; 0, E) =0 (4) 
or 

f (,L,K,h,8,0.7, 0,E) = 0 (5) 


with nine variables, if we introduce the accepted terms of discharge and filtration 
velocity, respectively. 

Each of the nine terms of the equation can be expressed by units of the basical 
absolute (M-L-T) system. 

According to Buckingham’s theorem, if(m) variables can be expressed in the 
form of the function of (mm) non-dimensional values, it is possible to express the general 
equation as function of (n-m) non-dimensional terms each of which will have (m + 1) 
variables. 

In our case, (m-m) = 6 non-dimensional terms can be thus expressed and then 
will be bound together in the functional relation 


F (901, 702, 703, 74, Tt5, 7t6) = 0 (6) 


In each z term will be four variables. 

Non-dimensional arguments could be expressed in such a way that the variables 
would be selected arbitrarily and their form determined by the trial and error method. 
But it is advantageous to choose always three characteristic quantities and the 
others are added one by one to each group with the exponent (— 1). 

The non-dimensional arguments can be then expressed as follows: 

my = K™1. yl. ge ioe 
72 = Kr2, yt2 . ore Wig: 
Ra Kee ys pe eg * 
Ta Kw. yy4. 024 - His 
Ns = K®. pyd . 0? art 
Te = K** ys. 9%. EI 


(7) 


After expressing in units of the absolute system we obtain 


L\y M \% 
eae ws.(5) “CF tied (8) 


Each physical equation must satisfy the principle of identity of the dimensions 
which is essential in dimensional analysis; from this the identity of the exponents 
of the units of the absolute system of the corresponding terms on both sides of the 
given equations (7) and (8) respectively, is indicated. For the non-dimensional argu- 
ment 71, we obtain from the first equation of the system (7) and (8), respectively 


Tie coenee, kite see coodre: corns - ceareneecand pA 
VL; GcnopioncSebuBnoe 2x1 + yi —3z71 = 1 
Te Ras Vode RE a cae tor mnyrinisicis wns Vi) 


By solving the system of equations, we obtain: 


x1 = 431 = 0,21 = 0 
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Then the parameter 771 can be given by the expression 


Kt 
1 = —— 


4 ~ 


Similarly we obtain for the other parameters the expression: 


Kil 
2, = —— 
Aa td) 
y2 2 y2 y2 
3. = =— , -— = — 
K1l2g K1i/l2" 2g 2g 
K1/2.y.0 K1/2_y2 K1/2.y (9) 
Ng = = = 
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6 
K1/2,y2.09 Kil2y2 — y2_K1/2 
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The relation of the variables in the most generalized form is then expressed by 
the ratio of the six non-dimensional arguments as follows: 


ai (10) 


> > 
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The non-dimensionality of the arguments is not disturbed by their mutual 
multiplication or division. Then the relation obtains the form: 


: : ; —y.0 


i ee @ py KZ) Og oF 


h hL vKW2 Ki2y 2 we | 
(=; =0 (11) 


The first two parameters express the influence of the internal as well as external 
hydromechanical and dimensional conditions of the given sytem in the process. 
The further parameters indicate the different conditions of flow. The term K [L2] 
represents in the parameters the hydrodynamic characteristics of the dimensions of 
the flow system in the porous medium. Its root K1/2 of the linear dimension [L] 
we can consider as a analogy of the characteristic linear quantity in other hydraulic 
systems, such as the pipe diameter d or the hydraulic radium of the channel R. 


The above equation can now be written in the form: 


h AL 


—, ——, We, Re, Fr, Ca] =0 ye 
(4 r (12) 


It appears that the relation between the variables, governing the process of flow 
through porous media obtains in the derived form (12) a general hydraulic meaning, 
as the symbols in the given equation (12) are known in an analogous form from the 
hydraulics of pipes and channels, and express: 
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1 F y2 2 y2 
{a= Sal resp. mR ‘ me SOR ren ae Froude’s Number 
d y2  K1/2 
2) Re = —., resp ES A ae Reynold’s Number 
13) 
y2.d y2_ K1/2 Ue) 
3) We= , resp. — Pe ae ee Weber’s Number 
2 
4) Ca= = SU ACES) UE eee ee ee ar eee a Cauchy’s Number 


Froude’s Number indicates the condition for the movement of an ideal liquid 
under the sole action of gravity. Reynold’s Number is valid for the flow under the sole 
action of the internal friction of the liquid. Weber’s Number expresses the condi- 
tions for the sole action of surface tension. Cauchy’s Number is valid only for the 
utilization of the compressibility of the volume (e.g. at velocities surpassing the 
velocity of sound). By simple judgment it is evident that e.g. the last mentioned con- 
dition does not occur in practical normal cases of flow through porous media. 

The further mathematical solution of the problem is difficult with respect to the 
still considerable number of variables, of which after the mentioned modification still 
six remain. Further solution would be the easier, the smaller the number of variables 
in equation (6). We shall, therefore, try to reduce the number of variables in equation 
(6) still further. 

Some of the original factors can be considered under certain stable conditions 
as constant. By such a simplification, however, the general validity of the results could 
be narrowed down. The reduction of the number of variables can, however, be 
obtained without reducing the correctness of the procedure by introducing certain 
relative factors. In the first place we utilize the symbols of some generally accepted 
and used physical term. So e.g. besides the already mentioned expressions O/F =v, 
h=p/y, and y = ¢.g, we shall introduce the expression for the pressure gradient 
p/L = 1p =y.h/L, where the specific weight of the liquid as well as gravity are 
represented. The general relation of the factors can be written in the form: 


FQ, K,Ip,n, 0) =0 (14) 


By doing this, we can reduce the original number of twelve variables to (n) = 5, 
without affecting the general validity of the solution and results. 

After expressing the terms in units of the absolute system, we derive for (m-n) = 
2 the non-dimensional arguments 71, 72 in the equation 


S (71, 02) = 0 (15) 


by the already known method the expressions 


K 
1 = . Ip (16) 
Vv. 
K 
Th — Tt Ip 
The basic equation has now the form 
K 
id z Ip, Ip} =0 (17) 
v4 ) 
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In an experimental procedure we would seek the relation f (71, 72) = 0 most 
conveniently by measuring the head Ip and determining the filtration velocity v using 
the same geohydraulic system with the same liquid (y.4 = constant) and the same 
porous medium (K = constant). By plotting the enumerated values of the arguments 
we obtain the general relation for this geohydraulic system. 

But we shall try to continue in our generally analytical approach. Let us start 
from the last equation (17) and express from the non-dimensional parameters the 
corresponding moduli for Ip as main variable. 

We obtain 


Tp = A%, B? (18) 


where A and B are the mentioned moduli; a and 4 are their exponents. After substi- 
tution the equation reads: 


fara} ° 


From the dimension analysis the exponents in the equation (19) become 


b=1—a 


RYE 
n= (A) (5) : (20) 


and after substitution a = 1/f and after treatment we obtain 


Oey 
a (+) kf I (21) 


as general equation for the filtration velocity. The dimensional agreement is shown 
by the control of the dimensions: 


i bi Mf-1_T2f-2 Lf 1 jk 
i Tithe MTT | =| 
and proves the correctness of the derived form. 


Now we shall seek the relation of the value of the exponent of the filtration on 
the flow conditions in the given geohydraulic porous system. Let us start from the 
derived relation for the filtration velocity (21). By logarithmic calculation of the modi- 
fied equation, we obtain the following expression for the exponent: 


so that 


f = tee (22) 
lg ed 


If we describe the linear expression in the nominators k.J = w as Darcy’s ideal 
velocity for the given hydraulic conditions and the expression y! 6 = A as the factor 


of the molecular bindings in the given system, then for the same liquid and its certain 
state, Ad = constant, so that 


IgA.v =a+lgyv 


f= COSA See 
lg A.w a+lgw (23) 
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By further modification of the equation we obtain for the exponent of the 
filtration process the expression 


lg — 
p88 grater Y— 
lgA.w sale 
or briefly 
f=1—¢ (25) 
The value of the filtration exponent is determined by the value 
w 
lg— 
y 
2 yee) ees 26 
q ars (26) 


As for the given geohydraulic system with its constant character and state the 
value of the factor A in the expression (26) is constant, the immediate value of the 
filtration exponent, f, depends on the ratio w/v of the value of Darcy’s ideal velocity 
for the given hydraulic head, /, to the value of the filtration velocity, v. According 
to this, the filtration exponent can gain in the wide range of flow through porous 
media under different hydraulic heads also different values according to the hydraulic 
heads; that means that according to the conditions, various regimes of flow can occur. 
In the case that y= w =k. J, then f = 1; here we have a linear flow regime. Theore- 
tically, the linear regime according to Darcy’s law, therefore, can be considered under 
certain conditions as justified. In this case the value of the subtractor of the term q 
in the equation for the filter exponent is 


q=0 (27) 
If this sector of flow with linear regime really exists, it is according to the equation 
(26) logically possible and even necessary that the values 


qx9 (28) 


also exist, and hence there can be also 


fz1 (29) 
so that in the whole field of flow the following possibilities can occur 


=: 
= 1 (30) 
Ah es 


From this follows that in porous flow, there can be, according to circumstances, 
three kinds of filtration flow with typical regimes: the intermediate field of flow with 
the known linear regime which joins on to the field of slower flow with antelinear 
regime and finally the field of more rapid flow with postlinear regime which follows 
up the linear regime at higher hydraulic heads. 

From this follows that Darcy’s linear regime does not govern unlimitedly during 
the flow of liquid through porous media, but has its upper and lower limit of validity. 

If we summarize the constants which are valid for a certain system we obtain: 


vy = ky. If (31) 
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where 


Fh ua t 
i= & ) A (32) 
hy 


is the filtration coefficient under the given hydraulic conditions, as a function of 
the coefficient of permeability of the porous medium, of quality and condition of the 
flowing liquid (jy, 7) and of their mutual molecular linkage (0). 

Hence the filtration flow is described mathematically by an exponential functional 
relation of the factors which characterize the hydraulic conditions and physical 
characteristics of the geohydraulic system. 

Hence the filtration velocity at a certain hydraulic head is according to equation 
(31) directly proportional to the corresponding filtration coefficient ky and to the 
(f)th power of the hydraulic head. The equation for the filtration velocity (21) can 
be written in the form 


y=Af-l1 wf (33) 


The filtration velocity is according to this directly proportional to Darcy’s 
ideal velocity w = kJ raised to the power (f), enumerated for the considered hydraulic 
head J and to the factor of molecular bindings A = y/ 6, raised to the power (f— 1). 


It can be assumed that the conditions of flow in the geohydraulic system have 
been comprehended by the introduction of the mentioned factors and on the basis 
of the derived equation a general law for the filtration flow has been stated. 


The derived equation can be rewritten using the basic factors in the form 
v= 01-F.n-l yf Kf If (34) 


The specific weight of the liquid and the coefficient of hydrodynamic porosity 
of the porous medium effects the value of velocity and hence the character of flow 
in the same power as the hydraulic head; they are potentially equivalent. The other 
characteristics of the components of the system manifest themselves differently. 

The coefficient of the surface tension has the exponent (1 —/f); when f= 1, 
it does not effect the equation to any greater degree. It corresponds to the conception 
of the coefficient of permeability or the definition of the coefficient of hydrodynamic 


porosity, respectively, as the hydrodynamic characteristics of the internal conditions 
in the porous medium, when the head is J = 1. 


When f< 1, the exponent (1 —f)< 1.In the usually given limiting case of 
quadratic flow regimes when f = 1/2, the exponent of the coefficient of surface (contact 
tension) would be equal to 14; according to this we can judge that with more rapid 
flow under higher hydraulic heads, the significance of molecular binding forces between 
the liquid and the porous medium decreases during the process with the square root 
of the surface (contact) tension; it is also in agreement with the assumption. When 
if >i, the effect grows with inverse proportion. The greater the surface (contact) 
tension between the solid and liquid component in the given geohydraulic system, 
the greater is the decrease in velocity of flow under certain hydraulic conditions, 
where we have to deal with a very slow movement in the regime, the exponent of 
which is i 1. That shows that evidently even a lower limit of validity for Darcy’s 
linear regime does exist. Now it becomes evident that to neglect the effect of molecular 
forces which occur in narrow pores just under the conditions of flow through porous 
media would mean that important conditions of this movement in geohydraulic 
porous systems could be neglected. 

That would impede—just as was the case till now—the possibility of describing 
comprehensively the studied phenomenon in a mathematical way. 
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When deriving the equation, we introduced for the time being instead of the 
factor of contact tension, ds, the factor of surface tension, 6, which is easier percep- 
tible. From the equation (23) for the filtration exponent can be judged in which she 
this interchange is manifesting itself. In the equation (21) we can generally distinguish 
the effect of the interchange of coefficients by the multiplication coefficient a, and 


change it to the form 
= DAT ee ik ee 
v=a (+) > kf if (35) 


' By comparing the changed equation for the linear regime (f= 1) with the Poi- 
seuille equation for the flow through a thin straight tube, we can see that @ is a simple 
number which follows generally from the control of the dimensions in equation (35). 
For the clearness of the derivation we simply assume a@ = 1. 

The derived equation in the form 


f tek ae 
betta (4) By; G6) 


is really an equation of the type of Chezy’s velocity equation, generalized also for 
flow in porous media. If we assume again for the limiting case of quadratic flow 
regime for the exponent the value f =1, we obtain after changing the form of the 
equation 


6 yi/? 2a 
Bares gre i BI 37) 
or after summarization of the factors which are constant for the same geohydraulic 
system 
y= CV/RI 


again as an analogy of Chézy’s equation for quadratic flow in hydraulic pipes or 
channels. The quantity R is an analogy to the hydraulic radius of the discharge cross- 
section R for the channels or pipes and in the geohydraulic system it has the value 
R = K1/2. The expression using the factor of hydrodynamic porosity shows at the 
same time the influence of a certain «internal roughness» in the porous geohydraulic 
system on the characteristics of the liquid flow in the pore, in an analogous way as 
in the equations of velocities in pipes and channels. Hence it has been proved that 
the resistance factor is not even constant for the flow in porous media, but is a variable 
and that it is related not only to the characteristics, state and mutual molecular binding 
forces of the solid and liquid component of the geohydraulic system, but also to the 
exponent of the flow regime and hence also to the head. 


4, CONTROL OF THE DERIVED RELATIONS 


In this contribution we have not dealt with the experimental research of the 
problem. For completion’s sake it will be necessary to mention at least in slogans 
some of the conclusions reached in the experimental solution of the problem. 

The geometrical form of the relation of the filtration velocity v and the hydraulic 
head J is illustrated in Fig. 2 from the data obtained experimentally. To this diagram 
is added the graph of the relation between the relative filtration velocity ki, defined 
by the equation kj = vl, and the hydraulic head J. In the logarithmic system, each 
of the two relations have the form of a broken straight line consisting of three parts. 
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Fig. 2 — The law of waterflow through porous medium as the relationship between 
the filtration velocity v = Q/F or the relative filtration velocity k; = v/I respecti- 
vely, and the hydraulic gradient J = h/L. 


Similarly in Fig. 3, the corresponding values of the general non-dimensional 
geohydraulic parameters 71, 72 are plotted, after their enumerating according to 
equation (16) by substituting values from the results reached in the experiments. 
The equation 7 =f (22) has the same form as the equation ki = f(/) in Fig. 2. 
The shifting of these two graphs along the coordinates in the same coordinate system 
has to be mainly attributed to the fact that for the calculation of the parameter value 
tz, we used known values of the surface tension of water in contact with air, 6, instead 
of real, till now not yet determined values of the contact tension on the water— 
porous medium interface ds. 


Fig. 3 — The law of waterflow through porous medium as the relationship between 
the derived geohydraulic parameters 1 = KIy/vn and % = KI,/ O. 


This also indicates the assumed relationship of the two coefficients from the 
same field of action of molecular forces. 

Both methods of evaluation of the experimental results prove the correctness 
of the theoretical solution, be it the conception of the porous mechanism or the 


enumeration of the participating factors and the selection of quantities which 
characterize them. 
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- noe ar Nila (21) can be, therefore, considered also as a correct form 

The graphs prove the conclusion of the theoretical analysis of the derived 
equation; i.e. that the whole extent of the process of liquid flow through porous media 
is divided into three, successive regions of flow with typical regimes with growing 
gradients, and that according to the character of the components of the geohydraulic 
system and the hydraulic conditions in the process. 

' To ascertain the validity range of these regimes, we used the results of the expe- 
riments carried out for the widest possible range of conditions (i.e. for the greatest 
variety of porous material and hydraulic heads) and investigated the relations and 
graphs for the determination of the values of the «limiting» (critical) heads on the 
boundaries of the single regimes in relation to the coefficient of permeabi- 
lity k, similarly also for the values of the corresponding exponents of the single regimes 
FS (= p; n = 1; m) and their range, for the values of the corresponding filtration coeffi- 
cients k¢ (= kp, kn =k, km) of the single regimes, as well as the reciprocal relations 
between these factors. The values of the exponent f = m of the postlinear regime, 
which occurs fairly frequently in different porous media, are in the range of 
1>m> yy. 

But it is unfortunately far outside the fixed extent of this report to deal with 
details regarding the results and conclusions reached by the experimental research. 


5. CONCLUSION 


1) After analysing the mechanism of the process of liquid flow through porous 
media, new non-dimensional parameters 71, 72 (12) valid for a porous geohydraulic 
system, have been derived. 

On their basis a general form of the filtration law (21) has been derived, analysed 
and finally experimentally checked, as an exponential relation between the filtration 
velocity and the hydraulic head. 

2) The whole region of the filtration flow is divided into three areas each with 
a typical regime (antelinear, linear, postlinear) (Fig. 2, 3). 

3) Hence Darcy’s law is not valid for the whole range of hydraulic conditions, 
but only for a certain range of conditions (26), and that in the intermediate section 
of hydraulic heads. Hence it has its upper and lower limit of validity. 

Even if we must not neglect under certain conditions the possibility of the occur- 
rence of non-linear flow regime, we must on the other hand welcome the applicability 
of Darcy’s linear law, although in a limited range, because of its analytical simplicity 
and because it enables especially under difficult border conditions to explain the 
problem and lead to concrete and often satisfactory mathematical relations. 

4) The ranges of validity of the single regimes are given by the corresponding 
«limiting» hydraulic heads, the values of which are governed by the hydromechanical 
characteristics of the porous media. In order to find the values of the limiting heads 
Tz, further the exponents of the single regimes, f, and the corresponding filtration 
coefficients, ky, the terms of dependance on the coefficient of permeability, k, and other 
reciprocal relationships have been determined from the results of the experiments 
with different porous media. 

5) The investigated relations enable to determine the flow regime on the basis 
of the values of the coefficients of permeability, k, for given hydraulic conditions 
and its parameters in a general equation (31) V, so that they can be the starting points 
for a more exact solution of the theoretical geohydraulic and geohydrologic tasks 
as well as for practical work in water conservancy and hydraulic engineering. 

6) The range of the possible values of the exponent of the postlinear regime 


Di 


indicates that in porous media the quadratic law of flow, attributed to «turbulent» 
flow, as in the case, e.g. of pipes, will not be followed even at relatively high velocities. 
Hence the non-linear law of the regime need not signify turbulent flow in the proper 
sense. Similarly though every regime of movement signifies «laminar» flow, every 
«laminar flow need not be governed by the linear law. 

7) Phenomena of movement on a porous geohydraulic system in contrast to the 
phenomena of bulky flow bodies (pipes, channels) are not based only on the character 
of the effect of driving forces, inertia or on the effect of forces of internal friction in 
the liquid. The classical laws, especially Newton’s laws of internal friction in the liquid, 
derived by speculative method, evidently cannot include the substance of the 
phenomenon in the whole range of conditions, but they have their limits of validity. 
In the meantime they could used as a preliminary starting point in the research of 
this problem. The character and the effect of flow are controlled simultaneously also 
by the consequences of lyotrophic phenomena which are based on the effect of mole- 
cular binding forces acting on the interface between the liquid and the porous medium. 

It is quite evident that when considering dimensions of the microcosmos, we 
encounter quite different phenomena than those common in the macrocosmos. We 
must not underrate them, because otherwise we easily fail to understand certain proces- 
ses and could arrive at erraneous results. On the contrary we must try to understand 
them in their whole depth, as their effect in certain conditions is very important. 

8) In addition to the uniform lawful behaviour of the hydraulic activity in the 
whole range of filtration flow, the generalized form of Chézy’s equation (36, 37, 38) 
together with the general equation (12) indicate also the basic unity of the total 
hydraulic activity. 
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EVALUATION DES POSSIBILITES DE DEBIT D’UN 
GISEMENT AQUIFERE PROFOND, DANS UN CAS 
PARTICULIER 


A. VIBERT 


RESUME 


Il s’agit d’un gisement aquifére profond dont la seule manifestation extérieure 
est une simple source, qui a été sommairement captée en vue de son utilisation. Une 
pompe y a été installée afin d’augmenter le débit naturel. 

On ne connait rien sur l’importance du gisement, sa morphologie, ses conditions 
de réalimentation. 

La seule présomption, résultant de la nature de la roche mére est que la source 
est le fruit d’une circulation diaclasienne. 

_ L’application des principes d’*hydraulique concernant |’écoulement des fluides en 
régime turbulent permet d’établir la caractéristique du débit de la source sus-visée en 
fonction de la dénivellation du pompage exercé. 

L’expérience a corroboré les déductions théoriques résultant de lapplication de 
ces principes, et par suite le caractére diaclasien de la circulation. 


SUMMARY 


: It concerns a deep aquiferous bearing of which the only exterior manifestation 
is a simple spring, summarily canalised in view of its utilisation. A pump has been 
installed to increase the natural output. 

There is no knowledge about the importance of the bearing, its morphology, its 
re-alimentation. 

The only presumption results of the nature of the mother-rock, and that the spring 
is the fruit of a diaclasian circulation. 

The application of the hydraulic principles concerning the flow of liquids in a 
turbulent rate of speed allows to establish the flow characteristics of the spring, re- 
ferred to above, in fonction of the variation in level of the pumping practised. 
Experience has corroborated the theoretical deductions which illustrate the application 
of those principles, and as a suite to it, the character diaclasian of the circulation. 


La présente note a été rédigée a la suite de l’étude d’un cas concret de l’augmen- 
tation du débit extrait d’un gisement aquifére profond, dont l’existence se traduit 
par la présence d’une «Source», dont le griffon a fait l’objet d’un aménagement som- 
maire. 

A défaut d’une originalité compléte, cette note, rédigée a l’occasion d’un cas 
d’espéce, assez particulier, s’intégre bien dans l’ensemble des « Méthodes pour I’éva- 
luation des ressources en eau souterraine». Aussi, et bien que son sujet n’ait rien de 
comparable a ceux des grands problémes, hautement spéculatifs exposés par nos collé- 
gues francais et étrangers, nous avons cru utile de la présenter, ne serait-ce que sous le 
signe de la micro-hydrologie, car son étude aboutit a une bonne vérification d’une 
loi fondamentale de l’hydrologie souterraine. J’ajouterai, pour bien poser le probleme 
dans son véritable cadre, que l’eau de la source est réservée 4 des usages thérapeuti- 
ques, d’ou sa grande valeur relative, malgré la modeste importance des débits en 
cause. 

Schématiquement la situation peut étre résumée comme il suit : il s’agit d’une 
source alimentée par un gisement aquifére G, sous pression, dont la profondeur, par 
rapport au niveau du sol, doit étre de l’ordre de 400 metres, si l’on tient compte de la 
température a laquelle l’eau arrive a la surface et de la valeur moyenne du degré 


géothermique dans la région intéressée. 
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Le gisement aquifére est en communication avec cette derniére par un «conduit» 
naturel AB, une véritable cheminée, au tracé plus ou moins sinueux et compliqué, 
de section simple ou complexe certainement variable, trés vraisemblablement multi- 
forme, ménagé dans la roche qui surplombe le gisement, par un phénoméne géologique 
quelconque : mouvement orogénique, refroidissement, dissolution, etc... etc... 

On ne sait rien sur le gisement lui-méme, étendue, importance d’emmagasinement, 
morphologie, alimentation, et l’on présume simplement qu’il se situe dans le granite, 
qui sert de soubassement aux grés armoricains locaux, dans une partie vraisembla- 
blement trés diaclasée, pouvant méme présenter des vides plus ou moins importants (1). 


(*) Ace sujet il doit étre noté que le croquis annexé a la présente note a un carac- 
tere exclusivement schématique, presque symbolique. Il n’a pas d’autre prétention 
que d’expliquer, par l’image, le mode d’alimentation de la source, en dehors de toute 
idée de précision ou d’exactitude. 

Il n’est pas certain que le gisement proprement dit soit situé 4 l’aplomb de la 
source comme nous I’avons représenté par simple commodité. I peut, au contraire, 
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L’expérience du passé prouve, toutefois, qu’il peut étre considéré comme ayant 
une capacité trés grande, par rapport aux quantités d’eau que l’on se propose 
d’en extraire. 

On n’en connait pas davantage sur le «conduit naturel», ou la cheminée, plus ou 
moins complexe, qui améne ses eaux au jour. On peut s’imaginer, toutefois, qu’il n’a 
rien de commun avec les conduits divers construits par |’>homme pour le transport 
des fluides. 

Initialement, l’existence du griffon, qui est situé dans la vallée d’une petite riviére, 
a quelques métres du lit de cette derniére, se traduisait par la présence d’une source 
dont les eaux s’écoulaient a la riviére. 

Actuellement le jaillissement de la source n’est plus visible. La téte du griffon a 

été aménagée en puits, et munie d’un trop-plein qui laisse s’écouler a la riviére, par 
l’intermédiaire d’une conduite appropriée, les eaux issues du gisement. 
k Le niveau du trop-plein est 4 la cote Z; et le débit constant qu’il laisse s’échapper 
lorsque la source n’est pas utilisée est de Q1 m3/h. C’est vraisemblablement l’ordre de 
grandeur de ce que devait étre 4 l’origine, avant son aménagement, le débit de la 
source naturelle constituée par l’émergence des eaux du gisement profond. 

Pour exploiter cette source, c’est-a-dire pour obtenir un débit supérieur a son 
«débit naturel» initial, il a été nécessaire de la pomper. de provoquer par des moyens 
appropriés un abaissement de son plan d’eau, opération qui a nécessité le creusement, 
a la partie supérieure du conduit naturel, auquel il a été fait allusion ci-dessus, d’un 
puits cylindrique, qui a autorisé la mise en place de conduites d’aspiration permettant 
d’abaisser le plan d’eau dynamique 4 la cote Z2 et de porter le débit extrait du gisement 
a Q2 m3/heure. 


Considérations hydrauliques. — Les eaux du gisement G pour atteindre le jour 
doivent remonter tout le long du conduit AB. Ce qui se passe a l’intérieur de ce 
dernier? Nul ne le sait et nul ne le saura jamais. II est probable que I’écoulement doit 
donner lieu a de nombreux changements de vitesse fonction des variations de la section 
du conduit, a des pertes de charge localisées dues aux accidents naturels que doit 
présenter le conduit, tels que : changements de direction, coudes plus ou moins brus- 
ques, élargissements ou rétrécissements brusques, ramifications du conduit localisées 
ow non, etc ... etc ... 

Une chose peut étre considérée comme a peu prés certaine, toutefois, c’est que 
l’écoulement, au point de vue hydraulique, doit étre «turbulent», autrement dit 
qu’il doit donner lieu 4 des pertes de charge générales ou singuliéres, qui sont propor- 
tionnelles A une puissance de la vitesse comprise entre 1,75 et 2, suivant le nombre 
de Reynolds de l’écoulement, autrement dit : que la perte de charge unitaire s’exprime 
par une relation J = AUP avec 1,75< P< 2. 

Or, ce nombre varie vraisemblablement d’une extrémité a l’autre de la cheminée, 
et l’on ne peut qu’épiloguer sur sa valeur réelle. Aussi, compte tenu de l’imprécision 
générale qui régne sur les différentes données du probléme, il n’y a pas d’inconvénient 


étre trés largement déporté par rapport a la verticale passant par cette dernicre. 
Quand on songe a 1’infinie variété des caprices déployés par la nature dans le fagonnage 
des formes et des aspects de la croate terrestre, il est problable que cette hypothése 
soit la plus vraisemblable. De ce fait, le conduit naturel qui alimente Ja source peut 
avoir une longueur trés largement supérieure aux 400 métres qui constituent «l’ordre 
de grandeur» de la profondeur du gisement. Quant a ses formes, elles sont vraisem- 
blablement multiples et trés diverses. C’est ainsi que dans sa partie supérieure, a la 
téte méme du griffon, il doit exister une certaine diffusion du «conduit principal», 
si l’on en juge par l’existence des résurgences secondaires. on : 

Mais, au point de vue du phénoméne hydraulique de | écoulement étudié ci-apres, 
toutes ces particularités, si elles existent, n’enlévent rien a la rigueur du raisonnement, 
au moins dans les limites qui seront précis¢es. 
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a adopter pour les pertes de charge en fonction de la vitesse une relation quadratique, 
l’erreur susceptible d’étre commise, de ce fait, devant, en tout état de cause, étre d’un 
ordre inférieur a celui des erreurs introduites par lés imprécisions inhérentes a la 
nature du probléme. 

Cette facon de faire parait, d’ailleurs, justifiée, si Kon tient compte de ce que 
les parois des diaclases dans lesquelles l’eau circule doivent présenter une certaine 
rugosité, compte tenu de la nature de la roche mére. 

Autrement dit l’on peut écrire : J = AU2. 

Dans ces conditions, si l’on désigne par H la valeur de la dénivellation provo- 
quée dans le puits d’aspiration pour obtenir un débit Q, mesurée par rapport au 
niveau piézométrique du gisement, on peut écrire, avec une grande approximation : 


= > pertes de charge 


En divisant la longueur L de la cheminée en éléments de longueurs ALi, AL, 
SRALT; et en désignant les pertes de charge singuliéres aux différents points tels que 
M, par exemple, par /1, ho, ... hm ... on a d’une maniére générale : 


AHp a AL» kp U2, 
et hn = k'm OQ? 


De plus, en période d’exploitation du gisement, le régime d’écoulement peut 
étre considéré comme permanent dans le temps. 
On peut donc écrire, compte tenu de |’équation de continuité : 


Q 
U; = —., Us So eg i ee 
M1 M2 Op Or 
On a donc finalement : 
2 
A Finsmetd Biehege an 


soit H = KQ? 


* 
* * 


Dans le cas considéré, on ne connait pas exactement le niveau piézométrique Z 
du gisement, qui est difficile, si ce n’est impossible, 4 mesurer, compte tenu des condi- 
tions locales. De ce fait, le calcul doit faire intervenir un plus grand nombre de 
données d’expériences, 2 au minimum. 

Pour une dépression Hj, mesurée par rapport au niveau piézométrique Z, et un 
débit Qi, on peut alors écrire : 


Hy = K Qi? 


De méme pour une dépression Hz et un débit Qo: 


Hz = K Qo? 
et déduire : ; 
me Hy — Ay 

Qo? — QO? 
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H comme indiqué, ci-avant, étant la perte de charge «globale» (générale + pertes 
de charge singuliéres) qui se produit en régime permanent, dans l’ensemble du conduit 
sous l’effet du passage 4 l’intérieur de ce dernier d’un débit Q. 

Cette relation, qui est celle généralement admise quand la circulation est diacla- 
sienne, est vraie pour toutes les valeurs de Q, toutes choses égales par ailleurs. 

Si le niveau piézométrique du gisement était connu, avec une seule valeur de H 
et du débit correspondant Q, il serait possible de tracer la caractéristique débit/hauteur 
(Q/H) du puits. 

Par rapport a deux axes rectangulaires coordonnés, l’un OY, horizontal pour 
les débits QO, l’autre O Z, vertical pour les dépressions H, cette caractéristique est une 
parabole du second degré, tangente en O 4 OY et ayant pour équation: 


1 
Sih eH 
K 


Il serait alors aisé de déterminer le débit Q’ correspondant a une dénivellation 
H’ quelconque, soit en se servant de cette caractéristique, soit analytiquement en 
écrivant H’ = KQ’* (4). 

En fait, les valeurs absolues de H ne sont pas connues par suite de l’indétermina- 
tion qui régne sur la cote du niveau piézométrique du gisement. 

Néanmoins il est apparent que : 


M = (Z— Z1) 
Hz = (Z — Ze) 
par suite He — Mm = 1—Z2=h 
h 
Qo? — Q;? 


La connaissance de K résoud complétement le probléme et permet de tracer la 
courbe caractérisée sus-visée des débits du gisement aquifére en fonction des 
dénivellations de pompage. 


() En toute rigueur, il devrait étre tenu compte (mais cela n’est malheureuse- 
ment pas possible) de ce que les «longueurs de conduites» correspondant a des déni- 
vellations différentes H et H’ ne sont pas les mémes et, qu’a ce titre, le coefficient 
global de résistance K n’a pas rigoureusement la méme valeur dans les deux cas. 
C’est la raison pour laquelle dans l’exposé psec. nous avons pris la précaution 
de faire usage de l’expression: «toutes choses égales par ailleurs». 

Mais, dans le cas de la source considérée, l’erreur introduite en supposant K 
constant est de toute facon négligeable pour deux raisons majeures: : 

1°) H, qui sera toujours limité A une quinzaine de métres, au maximum, est 
relativement petit devant la longueur réelle du conduit que nous avons estimee a 
400 m. en ordre de grandeur, dans le cas d’une cheminée verticale; 

2°) la partie «en puits», correspondant a la longueur H, est celle qui, du fait 
de sa section rendue artificiellement spacieuse, et trés grande, vraisemblablement, 
par rapport a la section du conduit naturel, ne donne lieu qu’a des pertes de charge 
tres réduites, voire négligeables, compte tenu de la valeur relativement modeste des 


débits en cause. 
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AN ESTIMATION OF THE LONG TERM YIELD 
OF A LARGE AQUIFER AT TEHRAN 


J.V. SUTCLIFFE and W.R. RANGELEY 
(Sir Alexander Gibb & Partners, Consulting Engineers, London) 


SUMMARY 


The application of several methods to the problem of estimating long term 
yield is illustrated by an investigation at Tehran. es, : 

The topographical division between mountains and plain is also the geological 
boundary between consolidated rocks and the thick alluvial deposits which form 
the aquifer. Because the mean precipitation is related to altitude, while the loss is 
related to temperature, the main source of ground-water recharge is from runoff 
from the mountains reaching the aquifer through gravel fans. Direct rainfall on the 
plain is less important. The results of a well survey give the main directions of ground- 
water flow, with individual flows coalescing in the main aquifer near Tehran and 
flowing south. 

Three methods were used for quantitative analysis. The mean annual flow of 
the mountain rivers was estimated from a rainfall-elevation graph and from deduced 
losses from neighbouring catchments; the percentage of this surface flow which 
recharges the aquifer was estimated from the topography. Because of the marked 
dry season, yearly recharges could be estimated from the seasonal fluctuations of 
the water-table. Pumping tests were carried out to estimate the permeability of the 
aquifer, and comparison with water-table slope and cross-section area gave an estimate 
of the flow through the aquifer. 

A fair agreement was found between these three methods of assessment, and 
the permissible extraction from the aquifer was deduced. 


RESUME 


L’application de plusieurs méthodes au probléme de 1’évaluation du rendement 
admissible de longue durée est illustré par les études 4 Tehran. 

La division topographique entre les montagnes et la plaine est en méme temps la 
division géologique entre les formations rocheuses et les dépéts d’alluvions profondes 
qui forment les couches aquiféres. Du fait que la précipitation moyenne est reliée au 
niveau du terrain, tandis que les pertes d’eau sont reliées 4 la température, la source 
principale d’alimentation de lanappe provient des écoulements des riviéres montagneu- 
ses, rechargant la nappe par infiltration dans les blocs du gravier des débouchés. 
L’incidence de la pluie sur la plaine est moins importante. Une étude des puits a donné 
les directions principales des courants d’eaux souterraines, et a montré qu’il y a plu- 
sieurs courants individuels qui convergent dans la couche aquifére principale prés de 
Tehran et continuent vers le sud. 

Trois méthodes ont été employées pour l’analyse quantitative. Le débit annuel 
moyen des riviéres montagneuses a été déduit du rapport précipitation/altitude et des 
pertes d’eau calculées pour des bassins versants voisins. Le pourcentage du débit qui 
alimente la nappe a été évaluée sur la base des conditions topographiques. 

Du fait que la saison séche est trés accentuée,.la recharge. annuelle pourrait étre 
évaluée des fluctuations de saison de la nappe. Les essais de pompage ont été insti- 
tués pour déterminer la perméabilité des couches aquiféres et une comparaison entre 
la perte hydraulique et la surface en coupe a donné une évaluation de l’écoulement en 
travers des couches aquiféres. 

Une corrélation raisonnable a été trouvée entre les trois méthodes de calcul et 
les réserves exploitables d’eaux souterraines ont été évaluées. 


1. INTRODUCTION 


The rapid assessment of the safe yield of an aquifer in an area where little previous 
ground-water survey has been carried out calls for the application of several methods 
of investigation with the object of obtaining converging data. For practical reasons 
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it is rare that a single method can be treated fully enough in these conditions to give 
reliable results in itself. 

The authors have adopted the well known definition of ’’safe yield,, put forward 
by Conkling (1), namely the annual extraction from a ground-water unit which will 
not, or does not: 

1) exceed the annual average recharge; 

2) so lower the water-table that permissible cost of pumping is exceeded; or 

3) so lower the water-table as to permit intrusion of water of undesirable quality. 

The third criterion does not appear to be very significant at Tehran, where a 
survey was carried out in 1957. 

As a qualitative study of the ground-water conditions is an essential preliminary 
to a quantitative assessment considerable attention was given in the initial phase of the 
survey to the geology and geography of the area of the aquifer and that of the catch- 
ment draining into it. This work was assisted by geophysical survey and air photo- 
graphic interpretation. 


Watershed 
Water-table contours (m) ——1040 
Mountain margin ney Km. 0 5 10 Ke, 


Line of section (fig 2) 
Fig. 1 
Tehran area 
2. GEOGRAPHY 


Fig. 1 shows the area under study. The aquifer is an extensive aecaena 
composed of deep homogeneous beds of coarse gravel deposits underlying the o iran 
plain. The ridges in the northern part of the plain are formed of old folded al ee 
with relatively poor aquifer characteristics. The main water-bearing formations lie 
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to the south of these ridges and slope gently southwards towards a number of salt 
lakes. The western boundary of the aquifer was taken as the Kan river though water- 
bearing strata extend beyond it along the base of the mountains. 

~ 


3. SOURCES OF RECHARGE 


Meteorological records for the southern slopes of the Alborz range suggest a 
close relationship between elevation and precipitation, with the mean annual precipi- 
tation which occurs during the seven colder months rising from 160 mm. at 1,000 m. 
to 630 mm. at 2,170 m. The range in elevation and mean temperature of the catchment 
is considerable and the potential water loss is therefore much less from the mountains 
than from the plain. Thus the main source of recharge derives from precipitation at 
high elevation, and it enters the aquifer through the gravel beds of the rivers and 
watercourses which flow off the mountains. Some of these rivers have cut their way 
in narrow channels through the ridges of old alluvium and all spread out into wide 
gravel fans and braided channels once they reach the plain proper. In the area of the 
city there is considerable recharge from artificial sources. 

The water-table contours show several individual ground-water flows entering 
the northern part of the aquifer from different topographic sources. These flows then 
combine and continue towards the salt lakes with a hydraulic gradient of about 
1 in 120 as shown in Fig. 2. Evidence from chemical analysis of bore-hole samples 
proved useful in studying the pattern of underground flow. 


HEIGHT IN METRES ABOVE MEAN SEA LEVEL 
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Fig. 2 
Section through Tehran 


4. INFILTRATION FROM SURFACE WATER SOURCES 


The rate of inflow method of estimation is perhaps most useful in general cases 
in that it gives an upper limit to the possible rate of recharge. In the particular case 
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of Tehran it is considered that it provided a reasonable degree of accuracy, because 
ee proportion of the regional precipitation enters the alluvial formations of the 
plain. 

The runoff from the mountains above Tehran was estimated from the precipita- 
tion-elevation relationship by comparison with the measured runoff from nearby 
catchments to the east and west. In order to assess the proportion of this runoff 
which reaches the aquifer above Tehran, a number of discharge measurements were 
made. These confirmed that a fairly high proportion of the flow of the Kan river passes 
the city in a defined channel and it was deduced that much of the recharge takes place 
in the area of the fan to the south-west of the city. The other rivers, however, fan out 
to the north of the city and a large proportion of the runoff therefore reaches the 
aquifer above the city. The mean annual recharge was deduced as shown in Table 1. 


TABLE 1 


Estimate of Annual Recharge (million cubic metres). 
SSS SS EE a ee ee ee ee ee eee 


Total Recharge as percentage Recharge 
SOURCE 
m.c.m. of total m.c.m. 
Runoff from Alborz 
Kan 82 / 15 12 
Hesarak 5 60 3 
Farahzad 9 60 5 
Darakeh 12 60 7 
Darband ‘Ie | 40 5 
Shahabad | 7 60 4 
Small streams 12 80 10 
Total: 139 46 
Precipitation 
Tehran Plain 152 10 15 
Northern Sepayeh 24 | 25 6 
| GRAND TOTAL: 67 


This method of estimation provides a useful check on the results of other 
methods, though the greatest uncertainty must be the proportion of the available 
water which reaches the aquifer. The topographic conditions, with rivers that disappear 
within the area of study, were particularly suitable for this type of estimate. In other 
semi-arid conditions, where river inflow constitutes the major source of potential 
recharge, measurements of inflow and outflow could be used to make similar estimates. 


5. FLOW THROUGH THE AQUIFER 


Estimates of recharge which depend on surface observations require measurements 
over a number of years, as surface flows are highly variable. The flow through a large 
aquifer is on the other hand relatively constant and the instantaneous flow is therefore 
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equal to the mean recharge. Thus the available water can most readily be estimated 
in a short period of investigation by measuring the-underground flow. Methods of 
direct measurement were considered but it was decided to concentrate on estimating 
the water slope from well records and the transmissibility of the aquifer by pumping 
tests (2). This method was practicable in a short timein this area as there were a large 
number of wells, while the geological and hydrological evidence suggested that the 
aquifer was fairly uniform horizontally. 

As no complete compilation of well records covering the whole area was available, 
some 225 wells were traced and visited during the investigation. Information obtained 
from a variety of sources was found to present a consistent picture of the water-table 
and give a fairly reliable estimate of the water slope (see Fig. 2). 

The uniformity of the water slope in the south of the area suggested that the 
transmissibility was also fairly uniform and could therefore be estimated from a small 
number of tests in this area. The time available prevented the drilling of sets of wells 
for these tests, but several sites were found where hand-dug shallow wells had been 
replaced nearby by deep bore-holes and modern pumps. Three tests were carried out 
by pumping the deep well and observing the water-table in the shallow wells. 
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Fig. 3 
Pumping test in south of Tehran 


The drawdown and recovery records at the observation wells were analysed by 
the Theis curve and straight line methods and the plotted results fitted the straight 
line solution very well (°). In one case, two observation wells were used (see Fig. 3) 
and in addition to analysis of water levels in each well the final drawdown values were 
used for an equilibrium solution. The results, which are summarised in Table 2, are 
consistent except for those based on the far observation well alone (4). Another test 
to the south of the city gave a similar figure for transmissibility, while one in a basin 


north of the city gave a lower figure consistent with the steeper water slope in that 
area. 
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TABLE 2 


Results of Pumping Tests 


ee Equili- 
N®°. |Site and nature of data) brium Non-equilibrium solution 
/ solution | Theis type curve Straight line 
solution 
ah it SS is S 
1 12 km north of Tehran 
centre 
Observation well 
(a) Draw-down 9,600 10,500 
(b) Recovery 9,200 9,100 
2 | 4km south of Tehran 
centre 
Pumped well 68,000 
Observation well n°. 1 
(a) Draw-down 70,000 0.114 75,000 0.097 
(b) Recovery | 57,000 0.205 62,000 0.163 
Observation well n°. 2 72,000 
(a) Draw-down 171,000 0.058 
(b) Recovery 
3 7km _ south-east of 
Tehran centre 
(a) Draw-down * 56,000 0.169 70,000 0.126 


Deelah ged 67) ae ee 


Coefficient of transmissibility (T) is given in U.S. gallons per day per foot width 
of aquifer per unit hydraulic gradient. 
S is coefficient of storage. 


The calculated transmissibility was corrected for partial penetration of the aqui- 
fer (5) according to depths given by geophysical survey, supported by later test 
drilling and Schlumberger logging, to give a value of 82,000 Meinzer units, from 
which a total ground-water flow of 62 million cubic metres a year was deduced. 

It is considered that this method of estimation involves the smallest number 
of assumptions and is the most generally applicable to the problem of obtaining 
an answer in a short time where no prior routine observations have been made. 


6. WATER-TABLE FLUCTUATIONS 


Because most of the precipitation falls in the form of snow during winter and 
the runoff occurs almost entirely during the spring snowmelt, the recharge of the 
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aquifer is markedly seasonal. Thus this area is especially well suited to an estimate 
of recharge based on fluctuations of the water-table, because the seasonal variations 
in water level are related to the total annual rainfall rather than seasonal fluctuations 
in rainfall as is more generally the case. Periods of recharge by the infiltration of con- 
centrated runoff and precipitation are followed by the long dry season during which 
no recharge occurs. Thus during the dry season the rate of change of storage—the 
product of the rate of fall of the water-table, the area of the aquifer, and the coefficient 
of storage—is equal to the outflow. Because the seasonal changes in water level and 
water slope are very small in relation to the depth of the aquifer and to the average 
gradient respectively, the natural outflow can be regarded as constant. Thus the rate 
of change of storage during the dry season should be constant and can be extended to 
cover a full year to give an estimate of the annual recharge. The position can either 
be regarded as a special case of the general problem (®) or as analogous to the esti- 
mation of ground-water loss due to evapotranspiration by measuring the rate of 
recharge at night by changes in water-level (7). 

A programme of measurements was proposed but an interim assessment was 
made on the information available. Estimates suggest that the seasonal range of water 
level varies from about 4 metres in the north of the main aquifer to about 1 metre 
in the south of the city. As the recharge occurs during about four months of the year 
and the ground-water storage falls for the remaining eight months, the seasonal range 
must be increased by fifty per cent to give the annual rate of outflow. From the dimen- 
sions of the aquifer and a coefficient of storage measured by pumping tests as 0.1, 
the annual recharge was calculated to be 75 million cubic metres. 

This method of estimation is particularly suited to tropical areas where a marked 
dry season occurs. It calls for measurement of water level fluctuations in many wells 
over the area of the aquifer and requires a number of tests to determine the coefficient 
of storage. In an area where the outflow is constant, it offers a method of estimating 
the rate of flow by intensive measurement over a short period and may be regarded 
as a useful check on permeability tests. 


7. COMPARISON OF ESTIMATES 


It will be seen that the estimates based on three different approaches—recharge, 
flow through the aquifer, and water level fluctuations—gave figures of the same order. 
Although each of them could be criticised as being based on insufficient evidence, 


it was considered that a reasonable estimate of the mean flow was about 70 million 
cubic metres a year. 


8. SAFE YIELD 


The estimate of safe yield based on the second term of Conkling’s definition 
depended on a choice of area of pumping. The factors which affected this choice 
included water quality and the problems of water distribution within the area of 
Greater Tehran and of integrating pumping plant to facilitate operation and mainte- 
nance. It was decided to site bore-holes generally near the 1250 m. ground contour, 
where the water-table is at present at an elevation of about 1150 m. It was deduced 


that the long term safe yield would be about 37 million cubic metres a year or about 
half the estimated rate of recharge. 
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HYDROMETEOROLOGICAL METHODS OF 
QUANTITATIVE ESTIMATION OF ANNUAL 
UNDERGROUND WATER REPLENISHMENT 


M.J. GOLDSCHMIDT ~ 


SUMMARY 


Hydrometeorological methods of estimating the annual replenishment of under- 
ground water are developed from Keller’s run-off formula. They have been refined by 
analysing the hydrographs of spring discharges which are decayed and integrated 
infinitely for the purpose of ascertaining the replenishment of the respective aquifer. 
Both methods can also be used for ascertaining spring discharges during droughts 
and their recurrence interval. 

Examples of application are given. 


1. THE ANNUAL TOTAL RUN-OFF 


In a catchmant where the surface-and the underground water sheds are identical, 
the hydrological equation for a certain period can be written as follows: 
P = Ru t+ Rs + appkt + AS=R +E: + AS 
P = precipitation over catchment 
Ru = underground run-off from catchment. (Its long term average equals the 
long term average replenishment) 
Rst= storm water run-off 


R; = total run-off from catchment. 
appE¢= apparent total evapotranspiration 
S = change of (soil moisture-surface-and underground water-) storage in the 
catchment. 


For sufficiently long periods, A S becomes insignificantly small — under the condi- 
tion that the natural regimen is not artificially disturbed by water exploitation—. 
The above equation can then be replaced with a sufficient accuracy by: 


P = Rut Rs + Ey = Re + app or 
Rat Rs Rp = PP appEt. 
The hydrometeorological analysis of a number of such catchments has indicated 


that the long term mean total run-off from these catchments is related to the precipi- 
tation over them by Keller’s run-off formula: 


Rt = a(P — Po) (a’) 
apoE; = P— Ris a —a)P + aPo (a”) 
Units: mm p.a. 
ome ik 


Po — a threshold value for precipitation. 


If P< Po, the total annual run-off becomes very small to negligible as it is fed 
only by the decay of the storage in the aquifer from which the current rises. 
This method has successfully been applied to a number of semi-arid catchments 


in the Middle East which are covered by a seasonal rain-grown continuous vegetation. 
The following two cases are deemed as characteristic: 
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(i) Six catchments and sub-catchments of the Jordan and the Litani rivers. The 
catchments which cover a total of 17.600 km2 can be considered as representative 
of the hilly country of this region. The long term mean total run-off had been corre- 
lated to the long term mean precipitation over the catchment. The result was: 

R, = 0.90 (P — 360) 

Units: mm p.a. 

The deviation of the six individual points from the line of regression is negligible. 
The period under review was 1935/36 to 1946/47 (12 years) (Vide (2)) (*). 

(ii) The Gediz river (Western Anatolia). The catchment covers 6 400 km?2. 
The annual total run-off during the years 1940/41 to 1954/55 has been correlated to 
the annual precipitation over the catchment during the same period. The result was: 

Rz = 0.50 (P — 374) 
Units: mm p.a. 
r= 0.92 
Standard error of estimation: 
é = + 28.8 mmp.a. = + 22.2% of R:. 
(Vide) (5) 
In both cases, surface-and underground catchments are practically indentical. 


Precipitation below Po (360 and 374 mm p.a. respectively) and the areas over which 
such low precipitation occurred have been discarded. 


2. THE ANNUAL STORM WATER RUN-OFF 


A similar correlation can be found for the average annuzl storm water run-off: 
Rs = B(P — stPo) (b) 
B<1 
for stPo, Rs¢ becomes zero. 


P< sPo and the area over which this occurs are again discarded for the compu- 
tation of P and Rs. This correlation is generally considerably weaker than the previous 
one. However, as long as 

Rst< Rt, 
the error of estimating Rs: is non-significant in comparison with Rt. This is 
the case in Israel’s semi-arid catchments. The analysis of floods in semi-arid catch- 
ments in Israel—where rainfall is restricted to the winter season—indicates that the 
threshold value s¢Po for which the annual storm water run-ff becomes zero is, as should 
be expected, very similarto the value Po of equation (a’) for the same catchments. 


3. THe ANNUAL UNDERGROUND WATER REPLENISHMENT 


By deducting equation (b) from equation (a’), an empirical linear correlation 


can be found between annual precipitation over a catchment and the underground 


(*) Numbers in brackets refer to the bibliography at the end of this paper. 
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run-off from it. This correlation is, of course, significant only as long as 
Rst & Ru 


It has the form: ke 
Ry = y(P — uPo) (c) 


(units as above, symbols similar to those used above). 


Formula (c) has been developed for estimating the 11 years average base flow 
of the Yargon river, (Vide) (4). The result is: 


Ry, = 0.86 (P — 360) 


The long term average base flow is equal to the long term average replenishment 
of the aquifer or aquifers which feed the respective river. This would suggest that 
formula (c) might possibly be used for estimating also the year-to-year replenishment 
of these aquifers, especially if the storm water run-off observed in the respective 
hydrological year is taken into account. The fact that the soil moisture accumulated 
during the winter rains is depleted by the evapotranspiration at the end of each summer 
also supports the assumption. 

The above method can be refined as follows: 

If a spring shows a distinct reaction to precipitation, its hydrograph can be used 
for developing the hydrometeorological equation of the aquifer which feeds it. The 
replenishment during a hydrological year equals the volume of the flow, decayed 
and integrated infinitely, minus the storage contained in the aquifer at the beginning 
of the hydrological year which is computed similarly. This procedure is not difficult 
if the replenishment occurs during a well defined rainy season, followed by a dry 
season during which the spring decays. Decay without replenishment also occurs 
during sufficiently long dry spells between rainfalls. The method has been originated 
by C.E. Jacob (4) and has further been developed by F. Mero (°). In most cases, the 
decay is exponential. The method is recommended as routing of recharges is not 
always successful. 

The method has been applied in the case of a small spring which rises in a deep 
valley of the Western hills of Galilee (Ein Ziv-Ras en Nebi). It is fed by two aquifers, 
characterized by the equation of decay: 

t t 
Qt = 1Qo exp — (—) + 2Q0exp — (—) 
1fo 2to 
ito = 410 days 
ato = 27 days 


The replenishment V;, of the aquifers has been computed from the hydrographs 
(Fig. 1)(*) by decaying and integrating discharge as indicated above. 

It appears that the accretion at the beginning of the rainy season begins some 
7 days after a storm flood has occurred in the valley and that the decay of the spring 
discharge starts after some seven days have elapsed since the flood has subsided. 
The hydrographs based on discharge measurements (Fig. 1) have therefore slightly 
been altered accordingly. 

The volumes V;, have then been correlated to the annual rainfall P over the 
catchment. As the discharge observations during winter 1951/1952 are incomplete, 


only the series 1952/53 to 1958/59 could be used for the first estimation. The values 
are: 


(*) By courtesy of the Director, Hydrological Service, Jerusalem. 
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Hydr. P . Vru 
year mm. 106 m3 
~. = 

1952/53 875 6.62 
1953/54 990 8.62 
1954/55 514 0.08 
1955/56 925 5.31 
1956/57 783 3.97 
1957/58 699 3.46 
1958/59 612 2.01 


The resulting hydrometeorological correlation is: 

Vru = 0.015 (P — 494) _ 
7=0.96 e=+0.65 xX 106m? pa. = + 15.4% of Vru 

Units: Vry— 108m? p.a. P—mmp.a. 


Vr was then computed for the year 1951/52 by means of this correlation and the 
series extented backwards till 1949/50 by adding the values 


Hydr. | P a. Fea 

year | mm. ' 106 m3 
1949/50 Tee 2.76 
1950/51 S15 0.22 
1951/5205) 937 (6.77) 


The correlation has then been re-computed for the extended 10 years’ series. 
The result is: 

Vru = 0.015 (P — 490) 

r=0.93 ¢ = +0.60 x 106 m3 p.a. = + 15.2% of Vru. 

Units as above. 

The correlation has almost not been weakened nor has the error of estimation 
been increased by extending the series. This extention can therefore be considered 
as properly depicting the replenishment during these 10 years and the correlation as 
sufficiently high to justify its use for the year-to-year computation of the replenishment. 

No storm water run-off occurs in the valley in which the spring rises if the annual 
precipitation is below 503 mm. As the difference between 503 mm p.a. and 490 mm 


p.a. is non-significant, this is a further reason for assuming the year-to-year signifi- 
cance of the correlation 


Vru = 0.015 (P — 490) 
As A® 17 km?, 

one obtains: 
Ry & 0.88 (P — 490) 
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in years 


Recurrence interval, 


4. DROUGHT 


e covered by a continuous vegetation and where 
ht occurs when the soils moisture accumulated 
transpiration before the vegetation normally 


In semi-arid areas which ar 
rain falls during the winter only, droug 
during the winter is used up by evapo 
wilts or becomes dormant. 


oil 


As the soil moisture is depleted at the end of each such vegetation period—viz. 
at the end of the dry summer—one may assume as a first approximation that a year 
of drought should be expected, whenever 


P< Po ™ 


In such years, the annual replenishment of the aquifer is negligible to zero. 

The total annual spring discharge during such a year of drought can therefore 
be computed by decaying the discharge from the beginning of the hydrological year 
to its end and integrating the discharge over the hydrological year. In the present 


case, the formula 
h 3 
exp {| — 
1to 


should be used for this purpose as a sufficiently accurate approximation, as the decay 
according to exp (— t/2fo) becomes negligible already at the beginning of the hydrolo- 
gical year of drought, following the long decay during the preceding summer. 

Years of drought are in most cases also years of minimum base flow of Ein Ziv. 

If the correlation between P and V;, is high, the recurrence interval of certain 
volumes of replenishment and of droughts can be read off a frequency distribution 
computed from the rainfall over the catchment (Fig 2). A 19 years’ series of precipi- 
tation data available *) has been used for Ein Ziv. It appears that P< 490 mm p.a. 
has a recurrence interval of approximately 10.5 years, that is to say that it occurs 
twice in 21 years. This method is recommended for general use whenever the precipi- 
tation data cover a considerably longer period than discharge measurements. 
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EXPLORATION AND EXPLOITATION OF SHALLON 
FRESH WATER LAYERS IN COASTAL AREAS 


J.A. VAN ’T LEVEN 


(Institute for Land and Water Management Research, 
Wageningen, the Netherlands) 


SUMMARY 


In the Delta area it is possible to predict from detailed soil maps the presence o 
fresh water in the subsoil. The usable quantity present must be fever ied aaer 
by exploration borings or by the geo-electrical method. 

There is a possibility to exploit shallow fresh water layers by pumping fresh- and 
salt water separately, but simultaneously, from different depths. To diminish the 
danger of salinization of the open polder waters, the rate of pumping salt water will 
have to be kept at a minimum. 

The salt water boundary, slightly raised as a result of the different rate of pumping 
fresh- and salt water, is pushed down to its original depth by the higher discharge rate 
of the ground-water and by pumping during autumn and winter salt water only. 

An investigation with the aid of a laboratory model, giving the possibility to 
work with other profiles, transmissibilities, discharge- and pumping rates and different 
depths of fresh water layers, will take place. 

It is the aim to learn the minimum depth of usable water layers, the best ratio 
between the rates of fresh- and salt water to be pumped, the influence of the permea- 
bility and other factors of the soil, and the derivation of a formula for the streaming 
of water with a specific weight changing with depth. 


RESUME 


Exploration et exploitation de fines couches d’eau douce dans les regions littorales 


Les Pays-Bas se composent d’une partie basse et d’une partie plus élevée. La 
partie basse du pays contient de l’eau douce dans le sol jusqu’a une profondeur 
relativement faible seulement. C’est que ces sols ont été déposés par la mer et les 
circonstances pendant la sédimentation et celles du drainage souterrain étaient telles 
qu’ils n’ont pas été dessalés plus profondement. 

Une grande variété d’épaisseurs de couches d’eau douce est présente dans le 
sud-ouest de la région du Delta. L’eau douce n’atteint parfois qu’une profondeur 
de 1 a 1 m SO, mais on trouve par endroits des couches d’eau douce de 25 métres d’épais- 
seur ou davantage. La topographie du terrain et une carte pédologique permettent de 
prédire la présence ou l’absence de couches d’eau douce. : 

Certaines parties de la région du Delta ont un grand besoin d’eau douce pour 
irrigation, surtout dans Vhorticulture. Cette eau ne peut tre amence ailleurs, 
de sorte qu’il faut avoir recours a l’eau souterraine de la région, eau qui doit en outre 
étre de bonne qualité. Ail , m 

Par la prise de l’eau douce seule, la limite des eaux salées monte parfois a la hau- 
teur du filtre de pompe, de sorte qu’il se produit un mélange d’eau douce et d’eau salée. 
Si les proportions sont défavorables, l’emploi de cette eau — pour Virrigation par 
aspersion par exemple — produira des dégats. La prise simultanée d’eau douce et 
d’eau salée du sol fait monter la limite d’eau salée jusqu’a une plus faible hauteur. 
Cette hauteur dépend, entre autres facteurs, de la proportion de prélévement d’eau 
douce et d’eau salée. Un tel essai de pompage a été effectué 4 Lewedorp dans Vile 
de Zuid-Beveland dans une couche d’eau douce épaisse de 16 métres environ. Par 
heure, on a pris ici 10 m?® d’eau douce et 4 m? d’eau salée. Et en effet la limite d’eau 
salée monta moins qu’en cas de pompage exclusif d’eau douce. En pompant unique- 
ment de l’eau salée, on a ramené artificiellement la limite d’eau salée a son niveau 


originel. 
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1. INTRODUCTION 


The Netherlands can roughly be divided into a peatmoor and marine clay 
district, lying at or below sea level, and an alluvial sand district somewhat higher 
above sea level. ae 

In the higher part of the country fresh water of good quality is to be found 
down to depths of 200 meters and more, that can be used, in some cases after a purifi- 
cation process, for all purposes as drinking water, water for industry, for sprinkling, 
sub-irrigation, etc. In the lower lying part of the country fresh ground-water is more 
difficult to obtain, except in the narrow coastal area where the fresh water body 
extends to depths of approximately 100 meters under the dunes. In the Delta region 
(fig. 1), for the greater part located in the province of Zeeland,where the soil consists 


Rotterdam 
So 
OS 


“Use 


Noord-Brabant 


m Experimental field 


0 50 100 km 
Fig. 1 — Situation map. 


of marine sediments and where large estuaries penetrate deeply behind the general 
coastline, hardly any fresh ground-water is available. 

The need for supplemental water is locally large in this region, however, since 
only a small amount of soil moisture is available during the growing season. A supply 
of fresh water from the neighbouring province of Noord-Brabant will give prohibitive 
costs per water-supplied acre. It is necessary therefore to exploit any small quantities 
of fresh water present in the subsoil. 

By means of borings, shallow fresh water layers were mapped and the compo- 
sition and litho-stratification of the subsoil was determined by means of soil samples. 
Pumping experiments were then carried out, both by pumping the fresh water layers 
alone and by pumping separately, but simultaneously, the fresh water layer and the 
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saline water underneath this layer. The quantities of water pumped were measured 
and the effect of the pumping on the depth of the fresh-salt water boundary and the 
salinization of the subsoil was observed. 


2. EXPLORATION 


The genesis of the polder soils in the Delta area is as follows. During one of the 
regression periods of the North Sea, the dune-coast was closed except for some small 
gaps through which the rivers Rhine, Meuse and Scheldt had their outlet to the sea. 
Behind the dune coast extensive marshes were present. During transgression at a later 
stage, the dunes were partly destroyed, while the sea made creeks in the marshy areas. 
Later, these creeks were filled up with sandy- and clayey soils, while on the remaining 
peat soils young marine clay was deposited. Because of differences in compaction 
of the various sediments, a relief inversion took place with the result that today the 
sandy creeks are situated at a higher level than the clay-peat soils. 

It is typical for the Delta area, therefore, that there is a relation between topo- 
grafic height, the permeability of the soil profile and the presence of fresh water. 
When, for example, the field is high, the soil profile will be sandy, therefore the per- 
meability is high and fresh water is present. When on the contrary the field is lying 
low, the soil profile will consist of clay and peat, the permeability will be low and no 
fresh water layer will be present. 

The above given sequence of events is true for the old polders as well as for the 
new polders, diked-in in the recent sea-arms. Where peat is eroded and replaced by 
sand, the chance of finding a fresh water body under favourable hydraulic circum- 
stances is a good one. The soil map, completed with borings or electrical resistance 
measurements, can therefore be a guide to predict the possibility of finding fresh- or 
salt water. 

For the location of the field experiments an area was taken near the village of 
Lewedorp in the polder Nieuwe Kraayert on the island of Zuid-Beveland. 

A detailed exploration of the subsoil was there carried out by means of bailer 
borings from which disturbed samples were taken from various depths. Also taken 
were ground-water samples from various depths from which the salt content was 
determined in the laboratory. From these samples it was possible to calculate: 


1000 x B where C =concentration of NaCl in the soil 
aN 5 ies solution 
A = moisture content in grams per 100 grams 
of soil on a dry matter basis 
B= NaCl content of the soil per 100 grams 
of soil on a dry matter basis. 


The sediments of this area were deposited by the North Sea and partly by the 
river Scheldt during the Holocene. The Holocene river Scheldt was flowing from 
South to North while the present course is more towards the South in E-W direction. 
As can be seen from fig. 2 and 3 the Holocene riverbed crossed the polder Nieuwe 


Kraayert. 
The experimental field near the village of Lewedorp has the following soil profile: 


0 — 0.40 m sandy clay 20% < l6u 

0.40 — 30.0 m sand 

30.0 — 32.0 m clay, 60% < l6p, impermeable 
32.0 — 36.0 m sand 
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Fig. 2 — Schematic cross-section of the experimental field in the polder Nieuwe 
Kraaijert. At the right the fresh-salt water boundary is given. Situations like 


this occur all over the Delta region. 


Where the banks of the old river were located another clay horizon was left in 
the profile at a depth of 5 to 8 meters below soil surface. 

The surface of this part of the polder lies approximately 1 to 1.5 meters above 
Ordnance Datum. The water level in the ditches and the ground-water level is maintai- 
ned during summer at approximately Ordnance Datum, so approximately 1.5m 
below soil surface. In the surrounding area to the N, W and E, the polder water levels 
lie deeper namely between 1.90 and 1.25 m below Ordnance Datum. 

The fresh water body is present in the sandy soil down to the shallow clay layer 
where the old river banks are present; in the middle of the old river course to a greater 


depth in the sandy layers. 
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Fig. 3 — Map of the experimental area. 
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3. FIELD EXPERIMENTS 


To measure, during and after the field tests, the variations in the ground-water 
level and the changing of the fresh-salt water boundary, bore holes, in which piezo- 
meters were installed at depths of 4.00, 5.50, 7.00, 8.50, 10.00, 11.50, 13.00, 14.50 
and 16.00 m below soil surface, were made surrounding the test well (fig. 3). To 
determine the fluctuations of the salt water boundary in greater detail, 5 bore holes 
were placed in a row at distances of respectively 0.5, 5, 15, 50 and 150 m from the well. 
Here also piezometers were placed at depths, ranging from 4.00 to 16.00 m. 


3.1. Pumping fresh water only 


In 1958 only fresh water was pumped, although it was known that pumping 
large quantities fresh water will give a rise in the underlying salt water boundary, 
making it impossible to exploit the shallow fresh layer further. It was necessary, 
however, to determine the fluctuation of the salt water boundary with this method 
to be able to compare it with the method of pumping fresh- and salt water separately, 
but simultaneously. From the 21st of August to the 22nd of October a total amount 
of 10 465 m? was pumped from a depth of 9 to 14m below surface in 1024 hours 
at a rate of 10 m3 per hour. In fig. 4 the depth of the 1000 mg ClI-l-boundary before 
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ig. 4 — Rising of the 1000 mg Cl-/1 boundary when pumping fresh water only, 

ea from a ok of 2.5 to 7.5m below Ordnance Datum and a subsequent drop 

in the rest period. Full line = before pumping; broken line = after pumping; 
dash-dot = after the rest period. 


and at the end of the test, and after a rest period is given. As can be seen, the 1000 mg 
Cl-line was situated deeper than 15 m-Ordnance Datum (16.50 m-soil surface) in 
the boreholes 1, 2 and 3. During pumping the salt level was rising sharply up to 9 m- 
Ordnance Datum in the vicinity of the test well, at which moment the test was stopped. 

It was expected that a regular salt water cone would develop. The drop of the 
1 000 mg line from bore hole 2 to 1 cannot be accorded for, although there is a possi- 
bility that this is due to differences in transmissibility of the soil. 

Apart from this irregularity, the top of the cone did have a small diameter of 
approximately 10 meters. The base had a diameter of approximately 30 m at a depth 
of 13 m-Ordnance Datum. During the rest period the salt boundary did drop and 
reached, although precipitation was lower than normal, in the spring of 1958 a depth 
of 13.50 m-Ordnance Datum in bore hole 2. The original depth was not reached, 
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however. To start the following test as near as possible with the salt water boundary 
at its original depth, in the spring of 1959 only salt water was pumped. 


3.2. Pumping salt water only 4 


In the period March 24th to May 15th, 1959, salt water was pumped from a depth 
of 18.5 to 24.5 m-Ordnance Datum with a rate of 2 to 3 m® per hour to a total of 
2020 m3. As can be seen from fig. 5 the 1000 mg Cl~/1 boundary dropped to a level 
only somewhat above the original level. 
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Fig. 5 — Drop of the 1000 mg C1—/1 boundary in the subsequent pumping of salt 
water only, from a depth of 18.5 to 24.5 m below Ordnance Datum. Dash-dot = 
before pumping salt water (see fig. 4); broken line = after pumping salt water; 
full line = original depth of the boundary. 


3.3. Pumping fresh- and salt water simultaneously 


To prevent the salt boundary from rising and in this way exhausting the fresh 
water supply at the place of pumping, an experiment was made with pumping fresh- 
and salt water simultaneously, but separately. In the test well two filters were installed, 
one at a depth of 2.5 to 7.5 m-Ordnance Datum in the fresh water zone, the other 
at 18.5 to 24.5 m- Ordnance Datum in the underlying salt water. 

The success of this method was already known when pumping from relatively 


deep layers, but the possibility to apply the method to fresh water layers of shallow 
depth had not been made certain. 
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Fig. 6 — Subsequent pumping fresh- and salt water separately, but simultaneously, 
from depths of respectively 2.5 to 7.5 and 14.5 to 23.5 m below Ordnance Datum. 
Depth of the 1000 mg Cl-/1 boundary: broken line = before pumping both 


fresh- and salt water (see fig. 5); dash-dot = after the pumping; full line = origi- 
nal depth of the a he den ous 
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From May 15th to September 28th, 1959, water was pumped, with interruptions, 
at a rate of 4 and 10 m3/hour for the salt- and fresh water respectively. The total 
amount pumped was 12 722 m? for the fresh- and 4290 m® for the salt water. 

From fig. 6 it is evident that the 1000 mg line was raised, but less than in the case 
of pumping fresh water alone. Theoretically it is possible to keep the fresh-salt water 
boundary fixed at a certain level, when pumping fresh- and salt water at the same rate. 
One of the reasons this was not done, is the keeping of the salt content of the open 
polder waters as low as possible. High salt contents there during summer would be 
dangerous for the windbreaks around the orchards, present in this part of the country, 
and would prevent other landowners to use the water for agricultural purposes, as 
the discharge from the polder during the growing season is small. To push the salt 
water boundary back to its original depth, for a second time only salt water was 
pumped during autumn. In that time of the year the polder system is quickly cleaned, 
as a higher discharge rate can be maintained. 


3.4. Second period of pumping only salt water 


Only salt water was pumped from the 28th of September to the 5th of November, 
1959, from a depth of 15 to 25 m-Ordnance Datum, a rate of 4 m3/hour and totalling 
3044 m3. In fig. 7 the boundary of 1000 mg CI- is given for various dates during this 
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ic. 7 — Subsequent pumping of salt water only. Drop of the 1000 mg Glad 
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pumping. It is clear that the salt cone shrank more and more. On the 5th of November 
the salt boundary was lying below 14.5 m-Ordnance Datum, slightly above the 
original position. At a depth of 13.5 m-Ordnance Datum, a small salt water bubble 


did remain. 
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TH 


SUMMARY 


» This paper attempts an analysis of the relation between groundwater outflow and 


actual 


types of linear storage elements which could be used to build up ideal linear ground- 


water 


ting of recharge through linear elements are derived and tabulated and the problem 
of negative recharge is discussed. The use of the method to determine the monthly 
flow during a dry period is illustrated by an example. 


S = storage in an element 
K = storage delay time of an element 
q = volume rate of outflow 
Q = volume of outflow 
r = volume rate of recharge 
R = volume of recharge 
T = duration of uniform recharge 
: Sn eet 
A =storage exhaustion parameter = aS 
Rn K 
t/ = duration of outflow in a standard interval in which outflow becomes zero 
PE = potential evapotranspiration (volume) 
P = precipitation (volume) 
F = volume of infiltration 
Ss = soil storage 
Sg = groundwater storage 
Sc = critical groundwater storage (composite element) 


1. THE PROBLEM 


A 
of the 


elements (precipitation, temperature, etc.). This problem can be divided into three 


parts: 


1) 


THE ROUTING OF GROUNDWATER RECHARGE 
ROUGH TYPICAL ELEMENTS OF LINEAR STORAGE 


JAMES C.I. DOOGE (ireland) 


recharge of the groundwater storage. The approach is to examine certain 


systems to serve as models of actual catchments. Coefficients for the volume rou- 


List of special symbols 


fundamental problem in physical groundwater hydrology is the prediction 
groundwater runoff from a catchment for a given pattern of climatological 


The estimation of infiltration and evapotranspiration for the catchment under 


consideration. These elements combine to give the net interchange of water between ; 
the sub-surface system and the atmosphere. x 


2) 


The estimation of soil moisture characteristics and soil moisture movement 


in the zone between the surface and the groundwater table. In this phase of the pro- 
blem we are concerned with the manner in which the flow into or out of the ground 
(infiltration and evapotranspiration) is modified by soil moisture conditions and with 
the determination of the actual recharge at the surface of the water table. 


3) 


The estimation of groundwater outflow. Here we are concerned with the manner 


in which the groundwater recharge (found in stage 2) is modified in the zone below the 
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water table and with the relation between groundwater recharge and groundwater 
outflow. 

The first two phases of the general problem have been widely discussed over the 
past fifteen years. Notable contributions to the subject have been made by such workers 
as Thornthwaite and Penman, and their methods are well known (references | and 2). 
While an understanding of these two phases and some method of calculating the 
effects involved are sufficient for the purposes of agricultural hydrology, the engi- 
neering hydrologist is equally interested in the third phase of the general problem. 
A reasonable solution to this part of the problem would enable the engineering hydro- 
logist to estimate low flows from catchments with a greater confidence than is possible 
at the moment. Accordingly, the present paper is devoted to an attempt to construct 
a physically reasonable solution to this third phase of the general problem, namely, 
to predict the groundwater outflow when the groundwater recharge is completely 
known. 

The approach used in the present paper is a linear one which is necessary if 
the principle of superposition is to be availed of. This simplification is certainly 
desirable in a first attack on the problem and it is highly probable thet only a linear 
approach to the problem would prove of any practical use. In practice, hydrological 
calculations are always carried out by the superposition of results from data averaged 
over certain standard periods of time. A non-linear solution to the present problem 
would mean the existence of a unique solution for each particular pattern of ground- 
water recharge. Even if actual catchments behave in a non-linear fashion it is almost 
certain that the most practical way of estimating overall effects is on the basis of a 
linearised catchment which is equivalent to the actual catchment within the degree 
of accuracy required. 

It is not possible within the scope of the present paper to develop fully this 
approach to the problem, but certain key elements of the approach can be discussed. 
A sub-surface catchment may consist of one or more groundwater reservoirs. Either 
the whole catchment or the individual reservoir can be considered as a linear system 
and the problem is to determine the output (or groundwater outflow) from such a 
linear system for a given input (or groundwater recharge). Since the system is 
linear, the effect of a complex pattern of inflow can be estimated by the superposition 
of the individual responses of the system to the elementary inputs of which the 
complex input is composed. The discussion in the paper will be confined to a discus- 
sion of the response to uniform groundwater recharge but this can easily be genera- 
ilsed. Since any linear system must be composed entirely of linear elements, it is best to 
begin by considering the response of such linear elements. A system capable of 
representing an actual catchment will consist of a number of linear elements com- 
bined together in some particular fashion. Such a combination of linear elements is, 
in fact, a theoretical linear model of the actual catchment. Since the velocities in 
groundwater flow are very small the translation effects can in practice be neglected 
and the action of the groundwater reservoir treated as being essentially one of storage. 
Hence, in this first approach, all the linear elements can be taken as storage elements. 
These will have the property that storage is at all times directly proportional to the 


outflow, i.e. 


Se) 
where S = storage above or below the basic storage at which the outflow is zero 
gq = the outflow from the storage element. 


Though only storage elements are discussed, several types of storage element 
have to be considered as the action of the elements varies due to restrictions on 
either the inflow or the outflow. Thus, if the water table is close to the surface there 
will be direct recharge of the groundwater by precipitation and direct abstraction 
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from the groundwater (i.e., negative recharge) by evapotranspiration. If, on the 
other hand, the water table is well below the surface, recharge by precipitation 
and abstraction by evapotranspiration will take place not to the groundwater 
reservoir but to the unsaturated soil lying between the water table and the 
surface. In this case recharge to the groundwater reservoir itself will be positive 
when the soil moisture is at field capacity, zero when the soil moisture is below 
field capacity, and can never be negative. These two types of action correspond to 
riparian and non-riparian conditions as discussed by Penman(?). Elements of both 
types can be used in building up the model system for a given catchment. In addition, 
however, allowance should be made for a composite type of storage element, that is, 
one which acts like a shallow water table type until the storage falls below a certain 
critical storage when it will behave like a deep water table type of element. It has 
been mentioned above that the shallow water table type of element (i.e., riparian 
conditions) can be subject to negative recharge. Such shallow water table types can 
be further sub-divided according as negative outflow can or cannot occur. Negative 
outflow can occur in an actual catchment when a sudden rise in river level increases 
bank storage and causes water to flow from the river channel into the groundwater 
reservoir. This action would be represented in a model system by a shallow water 
table element in which negative outflow was permissible. In other cases, however, 
negative outflow cannot occur because there is no downstream source to supply the 
backflow. 

The analysis is based on recharge volumes in equal periods. This limitation is 
not serious as this is the form in which measured or computed recharge is normally 
available. The treatment is also limited to constant rates of groundwater recharge, 
but the method of approach could easily be adapted to deal with linearly varying 
recharge. Since the storage elements are linear, the results could then be applied to 
any pattern of recharge which could be divided into a number of straight line segments. 
Actually, in the case of a deep water table, (i.e., non-riparian storage) the rate of 
recharge would be largely controlled by the soil characteristic and would be sensibly 
constant throughout the whole period of recharge. 

The response of a linear element to uniform inflow is best handled by a method 
of volume routing. This is discussed in the next section of the paper, and the coeffi- 
cients (Co, Cy and Co) for use in such a routing have been computed and are given in 
Appendix A. The section after this deals with the important problem of negative 
recharge and its handling in the routing computation. Further coefficients for use in 
computing this case are derived, computed and tabulated in Appendices A (C3 andCy ) 
and B (C5). Following a brief discussion of model systems, an illustrative example 
of the application of the method to the prediction of low flows is given. 


2. VOLUME ROUTING OF UNIFORM RECHARGE 


If a linear element of storage of delay time K is subject to a constant rate of 
recharge r for a time T, then the rate of outflow q due to this discharge will be given by 


(8 eee cd f gq = r(1 — e-t/K) (1) 
t-T 
TEZARZNOO pin fl — e-TIK)e-( ae 
= r(eT/K _1)e-t/K (2) 
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The volume of outflow Qo during the period O toT is given by 
T 
Qo = f q.dt 
0 


Pp 
f rd —e-t), dt 
0 


r{t + Ke-tlky, 


I| 


== r[T + Ke-T/K _K] 


but 
Oe 
a ok i K airs 
Se oe @) 


From the time T onwards the outflow due to the inflow Ro is an exponential 
decline and the volume of outflow over an interval of time can be easily calculated. 
If Om is the outflow between mT and (m + 1)T, we have 


(m+1)T 
mT 
(m+1) T 


si r(eT/K — l)eUK dt 
mT 


I 


r(eT/K — }) [—Ke-t/K] (m+1)T 
mT 


Tm 3 
Kr(eT/K — 1) | e7~x — cone | 


Om 


K T 
se = = (eT/K — 1)2.e- +) (4) 


From equations (3) and (4), the successive run-off volumes Qo, Qi... Qm due 
to a given recharge volume Ro can be calculated for any given value of K/T. 

If, instead of considering the outflow volumes (Qo ... Qm) due to single recharge 
volume Ro, we consider the contributions to a given outflow Q, of a number of past 
recharges Rn, Rn-1, Rn-2--- R1, then we have 


K 
Qn = Rn [ SS —e7| 
ile 
K 
SO Raa (et 1) e715 
T 
K 
4 Ryo —(eT/E = 1)? e8TIK 
Ti 
K 
4) RinZs ee == 1)2 e—4T/K 


BIE Gtes, | .opobdesorcn scan ade vesuends (5) 
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From equation (5) the outflow in any given period of duration T can be found 
from the values of the recharge volumes in this and all preceding periods of duration T. 
In practice it is much more convenient to use a form of coefficient routing based on 
the recharge in the present period and the recharge and outflow in the immediately | 
preceding period. The appropriate coefficients can be detived as follows: 


K 
Opie = Rua ae Gee erin) | e-T/K 
K 
+. Reo Daas — 1)? e 8T/K 


K 
+ Rn-1 a aa — 1)? e~4T/K 


= extra terms iwas. 41s sehees m3 (6) 


Subtracting equation (6) from equation (5) gives 


K 
On — Qn-1.e-7/K = Rn Sap ni) 


K 
+ Rn-1 zi (eT/K — 1)? e-2T/K + extra terms 


K ] 
— Rn-1 i rag (1 — e-T/E) ; e~T/K — extra terms 


An examination of equations (5) and (6) reveals that the extra terms involving 
Rn-2, Rn—g3 etc. cancel one another term by term so that we have 


hed 3 
Qn — Qn-1 e~T/K = Rn ji rfl — ei | + Rn-1 Es —@-2IK) = ane (7) 


This can be written as 


Qn = CoRn + CiRn-1 (8) 
where 
K 
Co = 1— — (1 — e-T/K) (9) 
at 
K 
Carte srl yen Si ee fae (10) 
Co = eT/K (11) 4 


These coefficients depend only on the value of K/T and can be used to determine 
the outflow in a given period by volume routing. For convenience the values of Co, 
Ci and C2 for a number of values of K/T are given in Appendix A. These values of 
the coefficients are the same as those derived by Nash (°) for the linear routing ofa 
uniformly varying inflow when both inflow and outflow are expressed as ordinates 
rather than as volumes. The two cases, though similar, are not identical. 
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3. EFFECT OF NEGATIVE RECHARGE 


As mentioned earlier, negative recharge can only occur in the case of shallow 
water table elements where the depth of overlying soil is not sufficient to prevent 
direct evapotranspiration from the groundwater. If the element is one in which 
negative outflow can occur then the handling of negative recharge presents no diffi- 
culty. The routing procedure continues as described in the last section and the negative 
outflows are recorded. If, however, the element is one in which negative outflow 
cannot occur, the outflow and storage will fall to zero and remain at zero until 
precipitation again exceeds potential evapotranspiration. During this period of zero 
outflow the storage may remain at zero and then the actual evapotranspiration must 
of necessity be restricted to the amount of precipitation. If, however, full evapotrans- 
piration continues, the water level will continue to fall and a deficit will be created 
which must be satisfied before outflow can again occur. In both these cases the normal 
routing procedure will not apply to the routing interval during which the outflow 
actually falls to zero. The special calculations required are discussed below. 

In most calculations of groundwater outflow where negative recharge is occurring 
and negative outflow cannot occur, the storage will reach zero during rather than at 
the end of a standard time interval. It is not sufficient to check whether the volume 
outflow is zero during an interval as this might represent positive outflow in the early 
part of the period and negative outflow during the later part of the period. To allow 
for the case of outflow in part of a period only, the storage at the start and end of the 
period must be calculated. At the end of a period in which an inflow Ro occurs, we have 


go = {1 —e"TiF) 
but S = Kq 


So = Kr(1 — e-T/K) 
K 
So = — Ro(1 — e“T/K) (12) 
1h 
At the end of a subsequent period from mT to (m + 1)T 
-T/K) e-mT/K 


m= ri—e 


Sm = a ae = e—T/K) e-mT/K (13) 
de 


K Pee Gucasa bed (14) 
From equation(4) Om = a Ro(eT/K — 1)?e— 


Sm Gi e—T/B) 
On (eT/K ye. 1)2e-T/K 


therefore 


pitt tol acti 2 (14) 
eT/K — 


As before, we turn to considering a given period in which the outflow On is the 
result of a number of previous recharges. If the recharge in the period itself is Rn 
then the storage at the end of the period due to Rp is 


giles “Rall = iy (12) 
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and the outflow due to Rn is CoRn. The remainder of the outflow, i.e., Qn — CoRn is 
due to previous recharges and for these the storage is given by 


fala ST OTS 14 
Sn eT/K — | ~ i 


Hence the total storage at the end of the period is given by 


Sn = Sn+Sn 


K 1 
Sn = Rn ag — eT/K) + (Qn — CoRn) STIR 1 


K Co On 
= —| — Ty Soe BSF Err Pat bes 5 
E Boe) er/K — 4 Rn + iE 4 (15) 
or 
Sn = C3Rn + C1On (16) 
where 
K 1 
SS Reged gine Sony me 
and 
Ca— See 18) 
A= ae oy ( 


Values of C3 and C4 are given in Appendix A. 


If at the end of any step in the ordinary routing the value of S, is negative, then 


the step must be recalculated to allow for the fact that outflow occurs over part of the 
period only. 


The following procedure is convenient for calculating the outflow when the 
discharge falls to zero after a time ?’: 


outflow = initial storage + inflow 


On’ = Sn-1 + rnt’ 


ou 
== Sn-1 => Rn.— 
fis 
SA Btn ad 19 
n—-1 Sua ( )) 


The value of ¢’ can be found by using the fact that the outflow is zero for t = 1’. 
Since . 


q = Qn-1.e/E 4. rn(1 — et/K) 


Sn—1 


Rn 
= e-tiK 1 —t/K 
re sie : ( et/K) 
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this means that 
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Thus we have 


On’ = C5.Sn-1 
loge(1 — A 
where C= at ) 
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(20) 


(21) 


(22) 


(19) 


(23) 


(24) 


(25) 


(25) 


7 are given in Appendix B. 


It should be remembered that C; is only required when the value of Rn is negative. 
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4. TYPES OF STORAGE ELEMENTS 


In this paper four types of storage elements have been considered; these are 

a) deep water table 

b) shallow water table (outflow positive or zero) ™ 

c) shallow water table (negative outflow possible) 

d) composite water table type 

For a storage element of the deep water table type the recharge at the surface 
of the water table will be either positive or zero. Recharge can also occur laterally from 
another storage element in series with it in the model system; this lateral recharge 
could be positive or negative. For such a storage element considered in isolation, the 
outflow during a period of deficient rainfall will decline along an exponential decay 
curve as shown in Fig. 1(a). The excess of actual evapotranspiration over precipitation 
in this period is made up by the depletion of soil moisture storage. Even when the dry 
spell ends and the precipitation again exceeds the evapotranspiration, the outflow 
from a deep water table element will continue to decline and no increase in outflow 
will occur until the soil moisture deficit has been satisfied. 

A storage element of the shallow water table type can be defined as one in which 
recharge to and evaporation from the water table can occur directly at all times. In 
this case the surface recharge can be either positive or negative. Since the evapotrans- 
piration takes place directly from the ground-water the storage will be reduced much 
more quickly during a dry period than in the case of an equivalent storage element 
of the deep water table type. If the dry spell is prolonged and lateral recharge is small, 
the storage will fall to the basic storage at which outflow is zero. If negative outflow 
can occur, the source of this backflow will supply the water for evapotranspiration. 
If negative outflow cannot occur the water table will continue to fall in order to supply 
the full rate of evapotranspiration until the water table is too deep for the direct 
abstraction of water. The storage represented by this lowering of the water table 
must be replenished before outflow can again occur. The action of such a shallow 
water table element without negative outflow is shown in Fig 1(5). A special case 
occurs when the basic storage has an absolute value of zero as might occur when an 
impermeable layer is covered by permeable material. In this case the storage cannot 
decrease below the basic storage, and both storage and outflow will remain at zero. 
The actual evapotranspiration in this case will be limited to the amount of precipita- 
tion. For the type where negative outflow can occur the response is similar except that 
the outflow is negative during the period when the storage is less than the basic storage 
in Fig. 1(4). The shallow water table elements show a faster response than deep water 
table elements to both a deficit and an excess of rainfall. If the storage element is part 
of a model system it can receive inflow from another element in series with it; thus 
the recharge from an upstream deep water table element might enable a high water 
table element to supply a precipitation deficit and still produce a positive outflow. 

A composite storage element is one which acts as a shallow water table element 
as long as the storage remains above a certain critical value, but which acts as a deep 
water table element when the storage is below that value. If the critical storage is 
less than the basic storage, the only effect will be to reduce the rate of evaporation 
during the period of zero outflow and hence to produce positive outflow somewhat 
earlier. The behaviour of a composite storage element in which the critical storage 
is greater than the basic storage is shown in Fig. 1(c). In the early part of the dry 
spell the composite element and the grounwater storage is rapidly reduced until the 
critical storage value is reached. From this point on, evaporation cannot take place 
from the water table and the groundwater storage and outflow decline gradually in 
an exponential fashion as for a deep water table. When the precipitation again exceeds 
the evaporation the soil moisture deficit will first be made up and then outflow will 
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Fig. 1 — Outflow from typical storage elements. 
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Fig. 1(a) — Deep Water Table. 


Fig. 1(b6) — Shallow Water Table (negative outflow not possible). 
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Fig. 1(c) — Composite Type (critical storage > basic storage). 
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commence. The storage element will still continue as a deep water table element until 
the storage reaches the value of the critical storage. For humid climates it is probable 
that this type of element is a close representation of the general action which occurs in 
natural catchments. Such an action would give a high water table and high surface 
runoff during the winter, a relatively rapid lowering of the water table in early summer, 
and a corresponding reduction in outflow followed by a more gradual exponential 
decline during the dry period. 

It should be possible to simulate the general behaviour of most natural catchments 
to a fair degree of accuracy by a model system composed of comparatively few linear 
elements. This is what would be expected by analogy with surface water hydrology 
where synthetic unit hydrographs have been derived from simple models and found 
to give reasonable results in many cases. The systematic derivation of a model system 
is outside the scope of the present paper, but an example of a very simple application 
is given in the following section. 


5. ILLUSTRATIVE EXAMPLE 


The following example is given to illustrate the type of calculation involved in 
applying the concepts and methods described above. The example is taken from an 
actual study for a water supply scheme (4) in which it was necessary to compute 
the monthly flows during certain dry years for a catchment in which flow measure- 
ments had been made for only one summer. The potential evapotranspiration was 
calculated from Penman’s formula and the reduction from potential to actual evapo- 
transpiration by Thornthwaite’s method assuming the maximum soil moisture storage 
as 10 inches. 

By comparison with another catchment for which long term records were avai- 
lable and with a few records on the catchment, the model shown in Figure 2 was chosen 
to represent the catchment. The first storage element is of the deep water table type 
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and is thus subject to a recharge of (F — PE) when the soil moisture is at field capacity 
and a recharge of zero when soil moisture storage is below field capacity. 
If surface runoff is neglected (P — PE) can be used for (F — PE). The second storage 
element is of the shallow water table type and is in series with the first element; the 
second element is thus recharged both by the outflow from the first storage element 
and by its own precipitation surplus or deficit (P — PE). The storage delay time for 
each of the storage elements was fixed as one month and the areal extent represented 
by the elements was taken as equal. The outflow from the second storage element gives 
the groundwater contribution to stream flow. 


TABLE 1 


Calculation of Groundwater Outflow 


Catchment, KNOCKADERRY Year 1959 

Deep water table K =1 month 

ag es eS ees ies a ee 
Jan. 3339 [ey 1.44 Nera 3.96 3.39 
Feb. 0.10 0.04 0.89 1.46 2.39 0.10 
Mar. 3.24 1.19 | 0.03 0.88 2.10 3.24 
April 1.48 0.54 0.86 0.77 | Zeal], 1.48 
May =S — 0.39 0.80 1.19 —0.72 
June == = — 0.44 0.44 —1.70 
July = oa 0.16 | , 0.16 sei aol 
Aug — — 0.06 0.06 —1.86 
Sept. = poh, 0.02 0.02 me) 
Oct == — 0.01 0.01 1.41 
Nov — — 0.00 0.00 2.34 


Table 1 shows the calculation for a single year of the routing of the groundwater 
recharge R’ = P — AE through the element S’. Monthly inflows are used so that 
K/T = 1 and Co = 0.368, Ci = 0.264 and Cs = 0.368, thus giving the following rou- 


ting equation: 
n = 0.368Rn + 0.264Rn-1 + 0.3680n-1 
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The work shown in Table 1 can be conveniently and rapidly carried out by slide 
rule or desk calculator. In the latter case the third, fourth and fifth columns need 
not be included though checking is easier and very little time is lost if these are retained 
and most of the work is done by column instead of by row. Table 2 shows the calcu- 
lation of the routing of R’’ which is the sum of (P — PE) and Q’ through the second 


TABLE 2 


Calculation of Groundwater Outflow 


Catchment: KNOCKADERRY Year 1959 
Shallow water table K = 1 month 
Month ae CoRo CiR1 C201 Q” s” 
ag a AD ed 
Jan. (RES) 2.70 Pe) 2,55 7.38 0.13 
Feb. 2.49 0.92 1.94 2D 5.58 
Mar. 5.34 1.97 0.66 2.05." 4.08 
April 3.65 1.34 1.41 172 4.47 
May 0.47 0.17 0.96 1.64 ald, 1.81 
June —1.26 (—0.46) 0.12 (1.02) 0.69* —0.13 
July _— 0.00 
Aug. — 0.00 
Sept a= 0.00 
Oct. 1.42 0.52 — 0.00 0.52 
Noy. 2.34 0.86 | 0.37 0.19 1.42 


storage element S’’. The calculation is the same as that in Table 1, except for the 
occurrence of negative recharges. The values of the storage coefficients are C3 = .418 
and C4 = .582 so that the storage equation is ; 


It can be seen from Table 2 that the ordinary routing calculation would give 
an outflow volume of 0.68 inches for June. This gives 


Sn = (0.418) (—1.26) + (0.582)(0.68) 
= 0.52 490.40" 20,13 
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Hence the outflow for this month must be calculated as follows: 


Sea FE (1.81) 
> = ——— ..1= 1.44 
Rn K (1.26) 
From Appendix 2 
Chet eo 


On = C5.Sn—1 = (0.382)(1.81) = 0.69 


The adjustment to the discharge is small in this case as t’/T is about 0.9. 
It is assumed that the absolute value of the basic storage is zero so that outflow 


APPENDIX A 


remains zero until the recharge is again positive. The recharges used were expressed 
in unit inches and, since the model represents an extent of two unit areas, the outflow 


as calculated in Table 4 must be divided by two to get the groundwater flow in inches 
on the catchment area. 


K/T Go C1 C2 C3 C4 
0.0 1.00000 0.00000 0.00000 0.0000 0.0000 
0.1 0.90000 0.09995 0.00005 0.1000 0.0000 
0.2 0.80135 0.19191 0.00674 0.1932 0.0068 
0.3 0.71070 0.25362 0.03568 0.2630 0.0370 
0.4 0.63283 0.28508 0.08208 0.3106 0.0894 
0.5 | 0.56767 0.29699 0.13534 0.3435 0.1565 
0.6 0.51333 0.29779 0.18888 0.3671 0.2329 
0.7 0.46776 0.29259 0.23965 0.3848 0.3152 
0.8 0.42920 0.28430 0.28650 0.3984 0.4016 
0.9 0.39629 0.27452 0.32919 0.4093 0.4907 
1.0 0.36788 0.26424 0.36788 0.4180 0.5820 
(ea) 0.27013 0.21645 0.51342 0.4448 1.0551 
2.0 0.21306 0.18041 0.60653 0.4585 1.5415 
2.5 0.17580 0.15388 0.67032 0.4668 2.0332 
3.0 0.14959 0.13388 0.71653 0.4723 DSQTa 
3.5 0.13018 0.11834 0.75148 0.4762 3.0238 
4.0 0.11520 0.10600 0.77880 0.4792 3.5208 
4.5 0.10333 0.09593 0.80074 0.4815 4.0185 
5.0 | 0.09365 0.08762 0.81873 0.4834 4.5167 
6.0 0.07889 0.07463 0.84648 0.4861 5.5140 
Vu) 0.06814 0.06497 0.86688 0.4881 6.5121 
8.0 0.05998 0.05752 0.88250 0.4896 7.5103 
9.0 0.05355 0.05161 0.89484 0.4907 8.5092 

10.0 0.04837 0.04679 0.90484 0.4916 9.5084 

1520 0.03261 0.03189 0.93551 0.4944 14.505 

20.0 0.02459 0.02418 0.95123 0.4958 19.504 

oO 0.00000 0.00000 1.00000 0.5000 oO 


APPENDIX B 


—A Gs —A C5 ~ —A C5 

0.0 0.00000 0.0 0.00000 0 0.00000 
0.1 0.04690 0.5 0.18906 5 0.64165 
0.2 0.08844 1.0 0.30685 10 0.76021 
0.3 0.12547 iNes, 0.38914 15 0.81516 
0.4 0.15882 2.0 0.45069 20 0.84777 
0.5 0.18906 Pes 0.49890 25 0.86969 
0.6 0.21667 3.0 0.53790 30 0.88553 
0.7 0.24196 SP) 0.57026 35 0.89761 
0.8 0.26526 4.0 0.59764 40 0.90716 
0.9 0.28683 4.5 | 0.62117 45 0.91492 
1.0 0.30685 Su 0.64165 50 0.92136 
si! 0.32551 5:5 0.65967 55 0.92681 
2 0.34295 6.0 | 0.67568 60 0.93149 
ih) 0.35930 6.5 | 0.69002 65 0.93554 
1.4 0.37466 7 0.70294 70 0.93910 
ihe) 0.38914 7.3 0.71466 75 0.94226 
1.6 0.40281 8.0 0.72535 80 0.94507 
ilet/ 0.41574 8.5 0.73514 85 0.94760 
1.8 0.42799 9.0 0.74416 90 0.94988 
i) 0.43963 ES) 0.75249 95 0.95195 
2.0 0.45069 10.0 0.76021 100 0.95385 
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REGIME OF DEPENDENCE OF GROUND WATER 
TABLE RISING AT ZONE NEAR THE DANUBE RIVER 
AFTER ITS CULMINATION 


r Doc. Ing. DUSAN DUBA C Sc 
-Hydraulic Research Institute, Bratislava, Czechoslovakia 


General characteristic of the present regime of ground waters of the territory 
would be concretized by analyse of the ground water table fluctuation in dependence 
on 5-year Danube river level fiuctaution (from 1953 to 1957) for three selected obser- 
vation places at the upper section of the Zitny ostrov basin. 

These observation objects were selected at various distances from the Danube 
river-bed: object 3/XII has a distance 4.000 m; object 4/XI the distance 6.600 m 
and the object 6/XI the distance 9.000 m. The distance is measured from the Danube 
river flow in ground water flow direction, which has at prevailing majority of the water 
stages a characterized direction (Fig. 1). 

The average thickness of the water-bearing gravel at the profile of 3/XII is above 
11m; at 6/XI about 62m and at 4/XI about 88m. 

Fig. 2 shows the fluctuation of the Danube river waterstages at point of inter- 
section of the IlI-rd profile and Danube river bank, ground water table fluctuation 
at observation objects of this profile as well as the daily precipitation and its monthly 
totals. 

One can see that the ground water table fluctuation follows the water level 
fluctuation at Danube river with certain delay and balancing, with certain time 
moving. Apparently there is also obvious difficulty to separate the influence of the 
precipitation from the influence of Danube river on ground water table fluctuation, 
with regard to the fact, that periods of the Danube river rising are most the same 
with periods of precipitation. Relatively many periods of precipitation besides that 
will not be shown on the ground water table fluctuation among others also for its 
fairly considerable depth below ground (Tab. 1) which is for all selected objects 
in average from 554 to 594 cm. In addition to that from the Tab. 1 follows also that 
extreme ground water stages in investigated period occur after the extreme stages 
of the Danube river level which also proves the prevailing of the Danube river 
influence on ground water table formation in objects above mentioned. 

Therefore, for given event it can be introduced an assumption of neglecting 
(in the first approach) the influence of precipitation on ground water table fluctuation 
which, in comparison to the influence of the Danube river level fluctuation will be 
neglectibily smaller. 

After introducing this assumption it can be set such a one problem: to investigate 
the line of Danube river water stages and that of ground water table so that for the 
Danube water level culmination the corresponding ground water table culminations 
would be found, further to determine the time moving of these two culminations and 


on this basis to settle: aE. 
the average ground water advancing velocity after the Danube level culmination 


which shall be indicated as c in m/day; —- 
the average ground water table rising velocity after the Danube level culmination 


indicated as ws in cm/day. 
It means that succesively there will be investigated the sections of the time deve- 


lopment of the Danube river level and the ground water table, schematically illus- 
trated in Fig. 3. 
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Fig. 2 — Time development of the Danube river water-stages and of ground waters 
and daily precipitation at the II”’@ profile. 
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Fig. 3 — Schematic section of the time development of the Danube level and ground 
water table at rising. 


From Fig. 3 it results that: 


H(@) is the Danube level at culmination; 

H,() is the ground water table at the Danube river culmination; 
H(2) is the Danube level at ground water culmination; 

H,(2) is the ground water table at its culmination. 


All these quantities are given in meters; 
t1-2 is the time in days between the Danube river culmination and its corres- 


ponding ground water table culmination. 


Section of the filtration stream investigated is shown schematically in Fig. 4 
where following notations are used: 


I3(4,6) is the distance of the ground water observation object from the Danube 


th 
tg 
Va 


ip 


k 


river in profile direction (see Fig. 1); 

is the day of Danube river culmination; 

is the day of the ground water culmination; 

is the average sinking velocity of the Danube river level after culmination 
in cm/day; 

is the initial average slope of the ground water table, i.e. the slope in the 
time 11; 

is the average filtration coefficient in cm/sec. 
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Fig. 4 — Schematic section of the filtration flow at the ground water table rising 


Now for determination of values of interesting us quantities it can be written 
similar expressions: 


L 
CS (1) 
he 
and 
Hs@) — Hs@) 


Ws = 
hg 


(2) 


Data from analyse of lines of water stages for selected objects according to the 
scheme above mentioned are summarized in tables from which only Tab. 2 is publis- 
hed with elaborating of data of the object 4/XI. 

First of all it will be determined, from which factors depend the values c in hydro- 
geologic conditions of selected objects that reach round, according to the existing 
observations for object 3/XII 150 m/day, for 4/XI 660 m/day and for 6/XI 690 m/day. 

The Danube river levels and ground water table at the Danube culmination 
H(*), Hs(4) as well as Danube river levels and ground water table at culmination of 
ground water H(?), Hs(2) don’t cause always univocally the same advancing velocity 
of ground water at given value itself as it is possible to ascertain from Fig. 5. At object 
3/XII about certain, no sufficiently close relation it could be spoken. Already the depen- 
dence c¢ on ip, where ip is the initial average slope of the ground water table 

Se Oe B 
é ji 


shows (Fig. 6) that for all three objects exists close dependence of the ground water 
advancing velocity on initial slop , whereby at the same slope ip for single objects 
different values of the advancing velocity c is obtained. With increase of ip from certain 
values exceeding the minimum average slope, which can be formed in given natural 
conditions, permanently increases also the advancing velocity to certain, for the 
present not investigated values c, which will correspond again to the maximum ip, that 
is possible at given hydrogeologic conditions of the water-bearing stratum. Otherwise 
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t+) 200 400 600 C¢ 


Fig. 5 — Dependence of the average Fig. 6 — Dependence of the average 
ground water advancing velocity c ground water advancing velocity c 
in m/day on the Danube water level in m/day on the initiai slope of 
H()inm above sea !evel and on the ground water level ip. 


ground water table H, (4) in m above 
sea level at Danube river culmination. 
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Fig. 7 — Dependence of the average Fig. 8 — Dependence of the average 

ground water advancing velocity c ground water advancing velocity c 

in m/day on the resulting slope of the in m/day on the difference of 

ground water level iy. average slopes of the ground 
water level 7,. 
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c could increase further, whereby, however, it can lose, as will be shown further, its 
physical sense. For 3/XII is up to the present time the maximum observed i = 0,0024, 
for 4/XI i = 0,0012 and for 6/XI i = 0,00108. 

More complicated form has the dependence c = f/ix/, where 


2) __ (2 
in = ae (Fig. 7). (4) 


For one object (3/XII) we get also a monotoneously rising dependence—the 
grater is the resulting slope of the ground water table ix, the greater is the advancing 
velocity c. The rising of line is here, moreover, less steep as in the preceding dependence 
¢ ON ip, i.e. at least ix in comparing with ip the same value c is obtained. For objects 
(4/XI, 6/XI) we obtain the analogic relation only for iz = 0,7 —0,8°/o0. Lines of 
dependencies c on ix are limited for 3/XII at beginning and for 4/XI and 6/XI at 
both ends with minimum observed slope values, so for 3/XII i = 0,00045, for 4/XI 
i = 0,00054 and definitely for 6/XI i = 0,00052. 

Before finishing the analyse of lines of dependencies c on ix we should call 
attention to the dependence c oni,, where 

(HC) — AC) — (AC) — FC?) 


(Fig. 8) is, in fact, the difference line for lines in Fig. 6, 7, since ip — ix = iy. As 
it is shown from the graph, with increasing of slope difference (at beginning and at 
the end of the investigated time interval) uninterruptedly, and for objects 4/XI and 
6/XI near linearly increases the advancing velocity of ground water c. 

Lines of dependence (4/XI and 6/XI, Fig. 6) c on ip show until ip = 0,8 — 0,9°/o9 
and c = 200 m/day a slow increase of c with quick increase of ip and, on the other 
hand, increase of c at farther section until 690 m/day is caused by growth ip = 1,2°/o0. 
Comparison of these lines with the dependence c on i, (Fig. 8) with help of ip — iz, =i; 
shows that rapid rising of values c at small increase of ip on above mentioned section 
of lines 4/XI, 6/XI (Fig. 6) and nearly linear growth of the lines of dependence c on i; 
explains the increase c on decreasing section of lines 4,6 of dependence c on ix (Fig. 7), 
at diminishing the values ix from i = 0,75 —0,82°/oo to iz = 0 (theoretically). 
Therefore, because the limitation of right branches of lines 4,6 with minimum slope 
values theoretically enables to determine the largest values ¢ for given observation 
places which will fluctuate among c = 700-800 m/day. 

The point 7; = 0 on decreasing right part of lines 4,6 (Fig. 7) would quote the 
values of advancing velocity of the ground water co, by which equalization of ground 
water table with Danube level in place of these objects, since iz = 0 would mean 
simultaneously H(?) = H;(?), i.e. the ground water table at selected profile would 
be horizontal. For ix = 0 it would be also ip = i; so that with help of the graphs in 
Fig. 6, 8 ip = i, could be found which could develop the advancing velocity of ground 
water co and then to determine also the time in which it could be reached such a pheno- 
menon. This for ix = 0 after extrapolation for object 4/XI co = 1.130 m/day, for 
6/XI co = 1.350 m/day approximately it is obtained; the initial slopes ip = ir must 
have been 1,26%/o9 and 1,14/o9 for reaching the equalization of the Danube level and 
of the ground water table in these objects approximately in the course of 6-7 days. 


It is obvious that from lines investigated in Fig. 6-8 the greatest importance for 
solution of forecasting problems has the line of dependence c on ip in Fig. 6, for on 
the basis of determined Danube river water-stages as well as of ground waters at 
Danube river culmination ip can be easily computed and so also corresponding 
to it c, at the same time the maximum values c are limited with maximum possible 
slope, values of which fluctuate in the range above mentioned. 
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Fig. — 9 Dependence of the average ground water advancing velocity cin m/day on 
the average velocity of the Danube river sinking after culmination vg in cm/day. 


The dependence c on vq, as it is shown in Fig. 9, is also satisfactory for practical 
use and will enable, according to the average velocity of Danube level lowering after 
the culmination vg, which will be known, to control the value c, determined from 
the dependence c on ip. Rising of the ground water advancing velocity with rising of 
the velocity of Danube river lowering after culmination corresponds on principle 
also the known relation according which the wave velocity is indirectly proportional 
to the fluctuation period, therefore, at smaller period the advancing velocity is higher. 
Smaller fluctuation period means the rising of average velocity of the Danube level 
sinking. The dependence c on vq simultaneously shows that for values vq —> 0, i.e. 
at that time when the Danube level has certain persisting condition, the advancing 
velocity of the ground water c is the smallest, and for 3/XII has the values about 

= 60 m/day and for 4/XI, 6/XI, about c = 100 — 120 m/day. The lines of depen- 
dence c on ip, ix, ir in Fig. 6-8 are also limited with these smallest values, moreover 
the dependence c on ix (Fig. 7) in part of small values c is limited nay even with the 
smallest possible slopes. 

For consideration control of possibility of the ground water table rising in 
objects mentioned to a such extent that to equalize with the Danube level, the extra- 
polation of the line of dependence c on vq for objects 4/XI and 6/XI is used until 
values co, what would mean for both objects the average lowering velocity of the 
Danube level after culmination about 74 cm/day. This value read out from graphs 
twofold overtops up to present determined values of average lowering velocity of 
the Danube level in 5 years investigated and justifiably can make doubt about reality 
of its occurence in natural conditions. 

For determination of the influence of individual factors on changes of values of 
the average velocity of ground water table rising after Danube river culmination ws 
only these factors will be tested, which at searching of preceding relations showed to 
be the most satisfactory. 

In Fig. 10, 11 only the dependence ws on ip and ws on vq are introduced that also 
for this event verify that it is possible to get out from their at elaboration the fore- 
casting methodology. There is to be mentioned that according to the until now eva- 
luated observations of velocities ws reached up to 8,5 cm/day. 
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Fig. 10 — Dependence of average velo- Fig. 11 — Dependence of average velo- 
city of ground water level rising Ws city of ground water level ws in cm/ 


in cm/day after the Danube river cul- day on the average velocity of the 
mination on the initial slope of Danube river sinking after culmi- 
ground water level ip. nation vg in cm/day. 


For object 3/XII the velocity is the smallest, for objects 4/XI and 6/XI is greater 
and its values increase in the mentioned order of objects at the same ip (Fig. 10). 
The lines of investigated dependence in F ig. 10 are limited with the extreme observed 
values of the slope. As it is shown in Fig. 11, at the dependence ws on yg it is adversely, 
at the same lowering velocity of the Danube water level va We get the maximum velo- 
city of the ground water level rising for object 3, and for objects 4, 6 the values are 
gradually smaller. At vg—+ 0 the values ws will be small ws = 0,2 — 0,3 cm/day 
eventually ws approaches to 0 or ws = 0. 

The desirable velocity of Danube water level lowering (74 cm/day) at investi- 
gation of a such advancing velocity of the ground water which would mean the ground 
water rising up to equalization with the Danube level, enables approximately to 
determine the Danube water level and that of the ground water at objects 6/XI and 
4/XI at which it would not yet be the stream from the Danube river to the area. These 
levels are: 127, 20 m above sea level for object 6/XI, and 126,50 m above sea level 
for object 4/XI. There are determined for assumption that creation of the great 
advancing velocity co with said initial slope will come at up to present observed mini- 
mum ground water table in these objects (122,68 and 123,00 m above sea level), 
that means at time when it is the best possible to make the great gradient. The deter- 
mined well-balanced water-levels enable further to determine that their reaching means 
the ground water level rising in the course of 6-7 days with velocity of 64 (6/XI) and 58 
(4/XD) cm/day. Even only the glance at Fig. 11 makes possible to characterize these 
velocities ws as such ones, occurence of which is in given hydrogeologic conditions 
unimaginable. Such a conclusion is confirmed by dependence ws on ¢ at which the 
character of development of lines similarly as in Fig. 11 doesn’t show the possibility 
of occurence such a velocities of ground water level rising. 


From these considerations follows the unpossibility not even of leveling the 
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Danube level with the ground water table and also by this way it proves that the 
ground waters in the area of investigated observation places are permanently watered 
with the Danube river. 

We will attempt still to explain the difference of values of quantities studied as 
they occured for all three observation places in Fig. 5-11. It was certainly clear that 
for example the advancing velocities of ground water c already increased from the 
object 3/XII through 4/XI and the greatest were already for 6/XI at the same other 
conditions (at the same ip, va, etc.). 

For this reason we use the formula for determination of the advancing velocity 
of ground water at harmonic water level fluctuation in river or in reservoir (Asatur, 


Tison jr.): 
i 
ee (6) 
\ mT 


h is the thickness of water-bearing stratum, the average values of which were deter- 
mined so that the average elevation point of the impervious underlying stratum at 
each profile was subtracted from the ground water level in observed object at the 
Danube river culmination, ic. from Hs(*); 

m is the lack of earth saturation of the water-bearing stratum or the active porosity; 
T is the half-period of the Danube level fluctuation, approximately determined from 
the line of the Danube water-stages for corresponding waves. 


where 


Using of Equation (6) in these conditions assumes that replacement in deriving 
the formula of the proposed harmonic water level fluctuation by unharmonic one 
could be admitted. 

From values entering the formula (6) c, T and / is known, and mare determined 
in laboratory for the gravel sample with granulometry in Fig. 12 as m= 0,195. 
Therefore, k is not known and evidently it is possible to compute it from the formula (6) 


k = ——c? (7) 


Fig. 12 — Boundary and average lines of the granulometry of water bearing stratum 
and of bottom of the Danube river bed. 
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After substitution and evaluation of the value & for each wave and after average 
computation we have obtained for 3/XII k = 0,36 cm/sec, for 4/XI k = 0,70 cm/sec 
and finally for 6/XII k = 0,90 cm/sec. These values are very close to them which for 
these places were determined on the basis of pumping tests and of the analyse of the 
lines of the grain size. ° 

Then it is obvious that different values c and ws for various objects have been 
obtained owing to the difference of the average values of filtration coefficient of 
water-bearing stratum in profiles above mentioned. 


k 
08 
06 
04 
02 
0 
0 200 400 600 ¢ 
Fig. 13 — Dependence of the average advancing velocity c in m/day on the average 


filtration coefficient of water-bearing stratum k in cm/sec at the same initial 
slope of the ground water level ip. 


Thus in Fig. 13 the relation between c and k could be constructed which shows 
the increase of ground water advancing velocity with increasing of the filtration 
coefficient at the same slope of ground water level. For k and for velocity of ground 
water level rising the analogic dependence is demonstrable, which increases with 
increase of k at the same slope ip. Definitely it is interesting also the fact that for 
the same velocity of the Danube water level lowering after culmination the velocity 
of ground water level increases with decreasing of the value of filtration coefficient. 

The most significant conclusions resulting from the analyse made for given hydro- 
geologic conditions are following: 

For working out the methodology of forecasting of the ground water advancing 
velocity and of ground water level rising after Danube level culmination it is possible 
to use the dependencies of forecasting quantities on values of initial slope of ground 
water level and on average velocity of Danube level sinking after culmination, deter- 
mined on the basis of analyse demonstrated. 

Values of these quantities searched c and ws for individual places depend prevai- 
lingly on the value of the filtration coefficient of water-bearing stratum. 
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USE OF WATER LEVELS IN ESTIMATING AQUIFER 
CONSTANTS IN A FINITE: AQUIFER (*) 


M. I. RORABAUGH ™ 
U.S. Geological Survey Tallahassee, Florida 


SUMMARY 


Methods of estimating the aquifer constant T/S (transmissibility coefficient 
divided by storage coefficient) from natural fluctuations of water levels in observation 
wells are described for the case of a finite aquifer having parallel boundaries. Equations 
adapted from heat-flow theory indicate that water levels fall exponentially with time, 
but only after sufficient time has elapsed for the profile shape to stabilize. After this 
critical time, T/S may be computed from the slope of the recession at any well. In 
applying the method to a field problem, the effects of vertical components of flow 
in the discharge area were eliminated by the use of an imaginary boundary. An ana- 
lysis by finite differences on a profile is discussed. The latter method may be applied 
to aquifers where repetitive recharge makes the use of the recession method imprac- 
tical. 


RESUME 


Le rapport décrit les methodes pour évaluer la constante de la nappe T/S [Coef- 
ficient de transmission (T = épaisseur moyenne de la nappe multiplié par perméa- 
bilité relative) divisé par le coefficient d’emmagasinement] d’aprés les fluctuations 
naturelles dans des puits d’observation dans le cas d’un nappe finie ayant des faces 
terminales paralléles. Les équations adaptées de la théorie de la chaleur indiquent que 
les niveaux piézométriques baissent exponentiellement en fonction du temps, mais 
seulement aprés qu’un temps suffisant se soit écoulé poirque le profil ait pu se stab- 
iliser. Selon ce temps critique la constante T/S peut étre calculee d’apres |’inclinaison 
du profil de relevement dans n’importe quel puits. Dans le cas ou cette méthode a été 
appliquée a un probleme pratique, les effets des composantes verticales du flux dans la 
région de décharge furent éliminés par l’emploi d’une limite imaginaire. La discussion 
de Vanalyse par différences finies sur un profil est presentee. 

Cette derniére méthode peut étre appliquée 4 des nappes aquiféres ot une ali- 
mentation répétée rend l'emploi de la méthode de récession impraticable. 


1. INTRODUCTION 


A problem frequently encountered in the field is the appraisal of ground-water 
supplies in aquifers of limited extent. In most cases the best method for determining 
aquifer constants (7, coefficient of transmissibility; and S, coefficient of storage) 
is a field pumping test. However, where the aquifer boundaries are known, a preli- 
minary appraisal can sometimes be made at much less cost by analysis of natural 
waterlevel fluctuations in wells. This discussion will be limited to the case of an aquifer 
having parallel boundaries. Examples are a long island or peninsula, an aquifer 
bounded by parallel streams, and an aquifer bounded by a stream and a valley wall 
(fig. 1). 

A number of investigators (see References) have presented equations for ground- 
water flow to streams, ditches, or tile drains, covering a variety of steady-state and 
transient conditions. In solving field problems the more complicated equations can 
be applied after the aquifer coefficients have been determined. However, the derivation 
of the aquifer coefficients from field data is not always easy because of the nature of 


(*) Publication authorized by the Director, U.S. Geological Survey. 
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a ee eg 
x AQUI|FER = 
— _-water 


(MPERMEABLE BOUNDARY 


Rie] =— Sketch of aquifer boundary conditions: (1) initial water level; (2) water 
level after instantaneous recharge; (3) receding water level. 


the equations. The field investigator must then simplify the equations or adjust the 
conditions of the problem to approximate the theory. It is the purpose of this paper to 
demonstrate simplified, yet satisfactory, methods of estimating aquifer characteristics 
from water-level data. 


2. THEORY 


Assume a situation as shown in figure 1. The aquifer is described as thick relative 
to Ao, is wide relative to its thickness, and is underlain by impermeable material; 
its side boundaries are vertical and fully penetrating; and it is uniform, isotropic, 
and homogeneous. The initial water table was everywhere horizontal. Recharge, which 
raised the water table by the amount /o, was instantaneously applied at time (t) = 0. 

The equation for describing one-dimensional flow in a system having these 
boundaries is found in a number of heat-flow books (example: Ingersoll, Zobel, 
and Ingersoll, 1948, p. 125). In terms of ground-water symbols: 


h = ho(1/a) > [¢ =m? a" Tt /4a"S(2a/mz0)(1 — cos mze) sin (mnarx/2a) | (1) 
=] 


where / is the water level at point x (see fig. 1) at any time, ¢, after an instanteous 
water-table rise of fo at time fo; T is the coefficient of transmissibility (permeability 
times aquifer thickness); S is the coefficient of storage; and a is the half-width of the 
aquifer. Axis of ordinates is taken at edge of aquifer and boundary conditions are: 

h = 0 at x = 0 and x = 2a, for all values of t 

h = ho at t= 0, for all values of X 

dh/dx =0 at x =a. 

At the midpoint of the aquifer (at x = a), equation (1) simplifies to 

hm = ho(4/21)(e —n2Tt /4a2S —(1/3)e -9n2 Tt /4a2S + (1/5)e —25227't /4a2 8 =) 


Equation (1) is equivalent to those used by Glover (Dumm, 1954, eq. 2) and 
Maasland (1959, p. 553, eq. 12). 

After sufficient time has elapsed, all but the first term in equation (1) and (2) 
become very small and may be neglected. The question of critical time cannot be 
treated lightly. When Tt/a2S = 0.2, the error in A resulting from dropping terms 
will be about 0.6 percent. For Tt/a?S = 0.15, the error will be about 1.8 percent. 
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Figure 2, Relation h/h, vs Tt/a*s according to equation (1). 


Figure 2 shows a dimensionless plot as defined by equation (1). Note that all the 
recession curves approach straight lines only when Tt/a2S > about 0.15. As an example 
of the magnitude of critical time, consider an island 5,000 feet wide; T = 50,000 gpd/ft 
and S = 0.2; then fe = 0.15 a2S/T = 28 days. 


When Tt/a2S > 0.15, equation (1) reduces to 
h = ho(4/a)e —7? Tt 1402S sin ( ¢x/2a) (3) 


and defines the straight-line segments of the recession curves shown on figure 2, 
For the midpoint of the water-table profile 


hm = ho(4/m)e 72 Tt 4028 (4) 


316 


Figure 7. indicates that, after the critical time, water levels at any well will decline 
exponentially with time. A solution for 7/.S for the aquifer is obtained from the slope 
of the semilog recession. Write equation (3) for two points (t1 and fg) on the recession 
curve 


hy = ho (4/2) ~e* Tt1 /40?S sin (7¢x/2a) 
hz = ho(4/ we ~Tt2 /4a28 sin (7¢x/2a) 


From which 
T/S = 4a?2.303 log(hi/he)/7?(t2 — t1) = 0.933a?log (A1/ha) / (t2 — 11) (5) 


Equation (5) is equivalent to the equation for log slope given by Kraijenhoff 
(1959, p. 855). 

Equations (1) through (5) are based on the assumption of a horizontal water 
table prior to the recharge. In nature recharge will be irregular and will be superim- 
posed on a decaying profile. Inasmuch as the equations are linear, water levels are 
cumulative. After a sudden recharge, recessions for the increment of head related to 
that event will follow equation (1). After sufficient time the incremental recession 
becomes exponential with time and, when combined with residual effects from 
preceding events, the total head recedes with the same log slope as that for a single 
event. The critical time at which the semilog solution is applicable is a function of T; 
S; a; the ratio of sudden water-level rise, Ah, to residual head, 4; and the position 
(x coordinate) of the observation well. For Ahjh = 0.2, the deviation of the straight 
line from the true head is about 2 percent at Tt/a2,S = 0.06; for Ah/h = 0.1, the deviation 
is about 2 percent at Tt/a2S = 0.04. 


3. FIELD PROBLEM 


In 1950-51 field studies were made in connection with appraisal of water supplies 
on the Fair Point Peninsula, Fla. The aquifer is about 5,500 feet wide and 100 feet 
thick. The material is predominantly medium to fine sand and varying amounts of 
shells, peat, and clay occurring as intermixtures and also as lenses. 

Water-level data were obtained from shallow driven wells on a line across the 
peninsula (fig. 3). This figure shows that tides affect the levels in wells 7-20, T-19, 
and 7-1; therefore, data for these wells will not be used. Inspection of figure 3 shows 
also that the water-level profiles are eccentric, the ground-water divide lying north 
of the centerline. Eccentricity could result from unequal distribution of rainfall. 
However, if this were the case the divide should move toward the centerline during 
the 6-month recession. Inasmuch as the divide did not change position it is concluded 
that the permeability is higher on the south than on the north side. Because the divide 
did not move, each side of the island may be treated as a separate problem. 


3.1. Discharge boundaries: Equations (1) through (5) are based on the assumption 
of fully penetrating discharge boundaries (A = 0 at x = 0 and 2a). For the field pro- 
blem discharge is through an inclined bay floor. Flow is essentially horizontal at the 
shoreline. Beyond this point there are both horizontal and vertical components of 
flow as water is discharged through the floor of the bay. The problem is solved by 
replacing the discharge area by an imaginary vertical fully penetrating boundary. 
The boundary is located by projecting the profiles. 

Because it is often more convenient to measure 
divide, equation (3) is transposed so that the origin o 


distance from the ground-water 
f x coordinates is at the divide. 


h = ho(4/me772 Tt 40S cos(mx’/2a) (3a) 
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By writing this equation for the water-level position in a well at the divide and 
again for one other well at point x1 on the profile, at a time ¢t > 0.15a2S/T, and by 
taking the ratio of the two equations thus written there follows the relation 


hi/hm = cos(mxi/2a) (6) 


Location of the discharge boundary can be computed directly from equation (6); 
however, to average minor errors in data a graphical solution is used as shown on 
figure 4. As indicated on this figure, h/Am is plotted on an arc cosine scale against 
x 1 (distance from the divide) on an arithmetic scale. This produces a straight-line 
plot of equation (6). The position of the discharge boundary is determined from the . 
straight-line intercept at h/hm = 0, which is 2,900 feet for the north side and 3,500 
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feet for the south side. It should be noted that it is not necessary to know the location 
of the ground-water divide; for this case use an arbitrary distance scale and determine 
the position of the divide at the intercept A/A», = 1.0. If three wells and the distances 
between them are available, /,, and the location of both discharge boundaries can be 
determined from equation (6). 
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igure 4. Graphical solution of effective distance to discharge boundarj@s 


cau 


Offshore head loss is estimated from the position of the shoreline on figure 4. 
On the north profile 30 percent of the total head loss is in the discharge area; on the 
south profile, 15 percent. This type of plot would be useful in estimating head loss 
in the vicinity of tile drains and in comparing efficiencies of drains. 


3.2. Semilog solution for T/S: Water-level recession data for selected wells are plotted 
on figures 5 and 6 (log / vs time). Water levels rose sharply at the end of August 1950 
and again in March 1951 in response to extremely heavy rainfall. During the 6-month 
interval there were a number of rains of about 1 inch. Water levels in wells 7-2 and 
T-17 responded to most of these storms. The other wells are located nearer the center 
of the peninsula; because of the higher land-surface elevation more time is required 
for downward percolation and recharge effects are subdued. However, that recharge 
did occur is shown by the shape of the recession curves. Straight lines were drawn 
giving weight to 7-2 and 7-17. From equation (5), using values for a as determined 
from figure 4, and the log slope from figures 5 and 6, 7/S is computed as 131,000 gallons 
per day per foot for the north side and 171,000 gpd/ft for the south side. 

A pumping test made at the ground-water divide (Heath and Clark, p. 33) 
determined T = 34,000 gpd/ft and S = 0.23, or T/S = 148,000 gpd/ft. The test 
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Figure 5. Plot of precipitation and water levels (north side Fair Point 
Peninsula, Fla.) and graphical solution of ,T/S. 


sampled the aquifer on both sides of the divide and checks very closely with the average 
of the values determined from analysis of water levels. 

Although the critical time for a semilog plot of the water-level recession curve 
to become a straight line is about 75 days (at divide) following a single recharge event, 
the conditions in this problem are much more favorable. For a rise (Sept. 1) equal to 
about half the initial head, the critical time is about 40 days at well 7-7). Inspection of 
figure 2 shows that for x/a between 0.5 and 0.8, deviations from the straight-line reces- 
sion curves will be much less than at the midpoint of the aquifer profile where 
x/a = 1.0. The recessions during the first part of October (figs. 5, 6) are considered 
to be very close to the straight-line condition sought. The small rises on the graph 
for T-2 are about as expected in accordance with parameter x/a = 0.4 on figure 2. 
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Figure 6. Graphical solution of T/S for south side Fair Point Peninsula. 


3.3. Stability of profile shape: Data for T-2,T-3, and T-4 were plotted on figure 4 
for various times. The north profile did not vary from its theoretical shape from 
October to March. On the other hand, the south profile did vary. Data for T-16, 
T-17, and T-18 for February or March when plotted on figure 4 fall above the profile 
shown. A new profile defines a larger apparent value of a. This instability may be 
caused by soil conditions being more favorable for recharge, or it might reflect move- 
ment of a salt-water wedge. Discharge conditions are apparently different on the two 
sides of the peninsula (fig. 4). On the north side, the indicated 30-percent loss of head 
beyond the shoreline and the location of the effective boundary 600 feet offshore 
indicates that the vertical permeability of the materials under the bay is low. On a 
declining water level, salt-water encroachment would be sluggish. On the south 
side only 15 percent of the head is lost beyond the shoreline and the effective discharge 
boundary is but 300 feet offshore. If the salt-water wedge moved landward during the 
recession, transmissibility would be reduced because of a smaller flow section and 
head-loss distribution would be increased in the discharge area. The added head losses 


would cause the higher plotting of data on figure 4 and would result in a larger apparent 


distance to the boundary. 


3.4. Steady-state method: In extensive aquifers the foregoing analysis may 
not be applicable—for example, in the alluvial fill of the Ohio River valley. At 
Louisville, Ky., the width of the aquifer is about 20,000 feet; T is 80,000 gpd/ft; 
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S is 0.2; critical time to reach a straight-line recession will be about 3 years. Recharge 
increments are relatively small compared to /, and the profile approaches a steady- 
_ state parabola (Jacob, 1944, pp. 565-566). . 


Alluvium 


(B) 
Fig. 7 — Sketch of steady-state water-level profile: (A) for valley wall and stream, 
or island; (B) for case with flow through a valley wall. 


Consider the case shown on figure 7-A. Water levels are available at three points. 
Let w be recharge per unit area. Then 


(dy/dx)T = wx or dy = (w/T)xdx (7) 
Integrating, y = wx?/2T (8) 


Write equation (8) for points 1, 2, and 3 and solve simultaneously; then the 
distance from point 1 to the ground-water divide is given by: 


x1 = (ad? + 2acd — bc?) /2(bc — ad) (9) 
and 
w/T = 2(6c — ad)/cd(e + da) (10) 


Equation (10) is useful only if w or T can be determined. It is usually possible to esti- 


mate S more closely than w or T. An expression in terms of T/S is developed as 
follows. 


Assume that rainfall stops. The profile then begins to recede toward the shape | 
expressed by equation (1). After it has receded an amount AA in time At we may 
write the equation of change in storage between points 1 and 2 


T dy2/dx — T dyi/dx = (Ah/As)cS 
Substitution of terms from equations (7) and (10) results in 


T/S = (Ah/ Ab) [ed(e + d)/2(be — ad)} AT) 
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This equation can be used if water-level data are available in three wells before 
and after a period of no rainfall. 

Equation (11) was applied to wells 7-3, T-4, and T-5 (fig. 3) for the period 
October 23-November 20 (a = 0.20 foot, b = 0.53, c = 500, d = 580, Ah = 0.47, 
At = 28 days). The result, 7; /S = 132,000 gpd/ft, is in close agreement with results 
of the pumping test and the semilog solution by equation (5). 


3.5. Leaky valley wall: Frequently in dealing with river-valley problems, it is 
found that there is leakage through the valley wall into the valley fill. For this case 
(fig. 7-B) equation (9) determines x1, the distance to an imaginary ground-water 
divide. In effect, the rock between the divide and the wall is replaced with alluvium 
similar to the valley fill. From study of the geology, the distance to the valley wall, 
Xw, is known; then the leakage through the wall is 


Qw = w(x1 — Xw) 
or, substituting for w its equivalent as given by equation (10), 
Qw = 2T (be — ad) (x1 — Xw)/cd(c + d) (12) 


In this paper discussion of methods of estimating aquifer constants from water 
levels has been limited to the case of parallel boundaries. Similar procedures can be 
used for more complicated conditions, such as a rectangular aquifer (surrounded 
by water on all four sides) or for a well near the end of a long island or peninsula 
(water on three sides). If the boundaries are known, an approximate solution for 7/S 
can be obtained by analysis of water-level records. For the more complicated boundary 
conditions, it may be necessary to construct a type curve for a specific well location. 


REFERENCES 


Dum, L.D., 1954, Drain spacing formula: Agr. Eng., v. 35, pp. 726-730. ; 

HeatH, R.C., and CLarK W.E. 1951, Potential yield of ground water on the Fair 
Point Peninsula, Santa Rosa County, Florida: Florida Geol. Survey Rept. Inv. 
N°. 7 


INGERSOLL, L.R., ZOBEL. O.J., and INGERSOLL, A.C. 1948, Heat conduction, with 
engineering and geological applications: New York,Mc Graw-Hill, pp. 124-125. 

Jacos, C.E., 1943, Correlation of ground-water levels and precipitation on Long 
Island, New York: Am. Geophys. Union Trans., v. 24, pp. 564-573. 

KirkHaM, Don, 1958, Seepage of steady rainfall through soil into drains: Am. 
Geophys. Union Trans., v. 39, pp. 822-908. | 

KRAUENHOFF VAN DE LeuR, D.A., 1959, Discussion of paper by J.D. Isherwood 
and A.F. Pillsbury, Shallow ground water and tile drainage in the Oxnard plain 
Jour. Geophys. Research, v. 64, pp. 549-559. } : 

MAASLAND, Marinus, 1959, Water-table fluctuations induced by intermittent recharge: 
Jour. Geohpys. Research, v. 64, pp. 549-559. , 

WERNER, P.W., 1957, Some problems in non-artesian ground-water flow: Am. 
Geophys. Union Trans., v. 38, pp. 511-518. 


323 


LAND SUBSIDENCE IN THE SAN JOAQUIN 
VALLEY, CALIFORNIA, AND ITS EEFECT ON ESTIMATES 
OF GROUND-WATER RESOURCES 


~~ 


J.F. POLAND 
U.S. Geological Survey, Sacramento, California 


SUMMARY 


Major subsidence of the land surface related to ground-water withdrawal has 
been observed in several countries but probably the most extensive areas are in the 
San Joaquin Valley, California, where subsidence in three areas extends over more 
than 2,000 square miles and maximum change now exceeds 20 feet. This subsidence 
poses serious problems in planning and maintenance of engineering structures, es- 
pecially large trunkline canals for water transport,. 

Methods of investigation include releveling of a bench-mark network, measure- 
ment of compaction of deposits by depth bench marks, laboratory testing of cores 
to determine physical and engineering properties of deposits, and calculation of com- 
paction from laboratory consolidation tests and decline in artesian head. 

Evidence obtained to date shows that the subsidence is chiefly the result of com- 
paction of compressible materials in the confined deposits due to decline in artesian 
head. 

Compaction of such confined aquifer systems is a complicating factor in esti- 
mating ground-water resources. For example, in the central western part of the valley, 
net withdrawal of ground water from 1943 to 1953 was about 4 million acre-feet. 
The volume of subsidence in the same period was about 2 million acre-feet. Thus, 
half the withdrawal represents water squeezed out of the aquifer system by compac- 
tion, and is available only once. This factor must be considered in estimates of availa- 
ble future supply. 


RESUME 


Un affaissement considérable de la surface de la terre ayant rapport a l’extraction 
de l’eau souterraine a été noté en plusieurs pays, mais probablement les affaissements 
les plus etendus se trouvent dans la San Joaquin Valley, California, ou Vaffaissement 
dans trois régions de la vallée s’étend sur plus de 2,000 milles carrés et ot l’affaisse- 
ment maximum dépasse 20 pieds. Cet affaissement apporte des problémes sérieux dans 
le projet et dans le maintien des structures surtout dans les principaux canaux de 
conduite pour le transport d’eau. 

Les méthodes de recherche utilisées comprennent le renivellement d’un réseau 
de bornes-repéres, le jaugeage de la compression des alluvions par les bornes-repéres 
mises a profondeur, essais de laboratoire sur des carottes de sondage, des calculs 
de compaction basés sur les résultats des épreuves de consolidation faites au labora- 
toire et des essais de rabattement de la pression artésienne. 

Les résultats obtenus jusqu’a ce jour démontrent que l’affaissement est princi- 
pallement la conséquence de la compaction de matiére compressible, dans les nappes 
artésiennes due a la diminution de la pression artésienne. 

La compaction de ces nappes aquiféres artésiennes est un facteur qui complique 
Vévaluation des ressources en eau souterraine. Par exemple, dans la région ouest- 
centrale de la vallée, l’extraction permanente des eaux souterraines de 1943 a 1953 
était environ 4 millions acre-feet. Le volume de l’affaissement 4 la méme époque était 
environ 2 millions acre-feet. La moitié de l’eau soutirée de la nappe aquifére représente 
Veau provenant de la compaction des couches et cette eau n’est utilisable qu’une seule 


ie Ce fait produit un effet considérable sur l’évaluation des réserves d’eau pour 
avenir. 


1. INTRODUCTION 


Major subsidence of the land surface related to ground-water withdrawal has 


been reported in recent years at several places in the United States and in other parts 
of the world. 
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For example, subsidence at London, England, which attained 0.7 foot in 1931 
is attributed by Wilson and Grace (1942) to consolidation of the London lay! 
due to long continued pumping from the underlying chalk, lowering of the artesian 
head, and increased effective stress on the clay. 

In Mexico City, where artesian head has been drawn down several tens of feet 
by pumping from municipal and private wells, subsidence had reached 30 feet by 1956. 
Recent studies (Marsal, Hiriart, and Sandoval, 1952) show that much of the subsidence 
is caused by compaction of fine-grained deposits within 160 feet of the land surface, 
which include two bentonitic clay beds, but that possibly one-third of the subsidence 
is due to compaction of underlying coarse alluvial sand and gravel deposits, which 
are tapped by many wells to a depth of roughly 1,000 feet. 

Subsidence has been reported also in Japan near Osaka, and at Niigata, where 
the subsidence rate as of 1958 was as much as | foot a year. Natural gas and ground 
water are pumped from the Niigata area. (Committee for Investigation of Earth 
Level Subsidence in Niigata, 1958). Observation wells have been drilled to depths 
as great as 2,000 feet to measure compaction and water-level changes. 

In the United States, subsidence related to ground-water withdrawal and decline 
in artesian head has been described for several areas. The most extensive areas are 
in California and the Houston-Galveston area in Texas. According to Winslow 
and Wood (1959), subsidence of several feet in the Houston-Galveston area has 
been caused by the decline of artesian head and the resulting compaction of the 
fine-grained deposits. The rate of subsidence has been about 1 foot for each 100 feet 
of decline of artesian head. 

In California, subsidence has occurred in the Santa Clara Valley in an area of 
230 square miles, where it has reached a maximum of more than 8 feet. The principal 
cause of this subsidence is the drawdown of artesian head due to prolonged and heavy 
pumping of ground water, and resulting compaction of the aquifer system. 

However, the largest areas of land subsidence related to ground-water withdrawal 
in California are in the San Joaquin Valley. The principal purpose of this paper is 
to describe briefly the major area of subsidence in the San Joaquin Valley and methods 
of investigation; also, to discuss an example of the complication in estimating ground- 
water resources that such subsidence and compaction of the aquifer system introduce. 


2. SUBSIDENCE IN THE SAN JOAQUIN VALLEY 


Figure 1 shows three areas of land subsidence in the San Joaquin Qalley: the 
Los Banos-Kettleman City area, the Tulare-Wasco area, and the Arvin-Maricopa 
area. The subsidence in the Los Banos-Kettleman City area extends over more than 
1,100 square miles and by 1958 had reached a maximum of 20 feet, at a yearly rate 
of as much as 1 foot. The subsidence in the T ulare-Wasco area extends over more 
than 500 square miles and was as much as 13 feet by 1954. The extent and magnitude 
of subsidence in the Arvin-Maricopa area are not yet well defined. 

These subsidences pose serious problems in the planning and maintenance of 
engineering structures, especially large trunkline canals for water transport and other 
engineering structures that must stay on grade. Because of the critical need for infor- 
mation on the extent, magnitude, and rate of subsidence, the causes, possible remedies, 
and basis for estimating future subsidence, an interagency committee composed of 
several Federal agencies, two State agencies, and two universities was formed in 
1954 to coordinate efforts in a study of subsidence in the San Joaquin Valley. A progress 
report, prepared chiefly by the Geological Survey, was published in 1958. Most of 
the following description of subsidence in the Los Banos-Kettleman City area and 
the methods of investigation is summarized from that progress report (Inter-Agency 
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Figure 1 — Areas of land subsidence in California. 


Committee on Land Subsidence in the San Joaquin Valley, 1958). The illustrations 
also are adapted from that report. 


2.1 Subsidence in the Los Banos-Kettleman City Area 


The Los Banos-Kettleman City area is irrigated almost wholly by ground water 
pumped from approximately 1,000 wells of large capacity which range in depth from 
a few hundred to 3,000 feet, or more. In most of the area, the deposits containing 
fresh water can be divided into an upper unit of silt, clay, and sand, chiefly alluvial-fan 
deposits, extending from the land surface to depths of 400 to 800 feet; a middle unit 
of relatively impervious diatomaceous clay, the Corcoran clay member of the Tulare 
formation, of lacustrine origin, 20 to 120 feet thick; and a lower unit of silt, clay, 
and sand, in part of lacustrine origin, 600 to 1,500 feet thick. 

Water in the upper unit is unconfined to semiconfined. The depth to the water 
table ranges from less than 10 feet to more than 300 feet, and has not changed 
greatly during the period of development, which has been chiefly since 1930. Water 
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in the lower unit is confined almost everywhere by the Corcoran clay member 
Probably 80 percent of the water pumped, more than 1 million acre-feet amnunlly. 
is withdrawn from this lower unit. The artesian head in the lower unit has been deen 
down at least 100 feet in nearly all the Los Banos-Kettleman City area and as much 
as 400 feet locally in the southern part. 


2.1.1. Types of Subsidence 


Subsidence in this area is of two types. Locally along the west and south edges 
of the valley, compaction of near-surface deposits above the water table has occurred 
after initial application of irrigation water. The resulting subsidence has occurred 
over some 70 square miles (about 7 percent) of the Los Banos-Kettleman City area 
(fig. 3), and extensively to the south, and has been as much as 10 to 15 feet. It results 
in sunken irrigation ditches and undulating fields. Because of the marked differential 
in magnitude of compaction in short distances, this type of subsidence is particularly 
serious in construction and maintenance of large canals and of irrigation distribution 
systems, but also has caused considerable damage to farms, pipelines, and power 
lines. It results from compaction of deposits above the water table and does not 
affect aquifers or ground-water conditions. Therefore, it is not discussed further 
in this paper. 

The principal or deep subsidence in the Los Banos-Kettleman City area is related 
chiefly to the drawdown of artesian head in the lower unit or confined aquifer 
beneath the Corcoran clay member. 


2.1.2. Methods of Investigation and Preliminary Results 


The extent, magnitude, and rate of subsidence have been appraised regionally 
by comparison of topographic mapping in two periods by the U.S. Geological Survey 
and of leveling and releveling of the subsidence areas by the U.S. Coast and Geodetic 
Survey. 

Figure 2 shows land subsidence in the Los Banos-Kettleman City area based 
chiefly on a comparison of topographic maps of the Geological Survey made in 
1922-32 and in 1956. The mapping of 1922-32 was prior to the start of heavy withdrawal 
of water from the area, and thus the subsidence shown on figure 2 approximates 
total subsidence to 1956. The centers of maximum subsidence are 6 to 8 miles west 
of Mendota (about 18 feet) and a few miles north of Huron (about 14 feet). The 
volume of subsidence shown on this map as computed from more detailed control 
is about 4 million acre-feet, equivalent to an average subsidence of roughly 5.7 feet 
over the 1,100 square miles of area. This subsidence includes the joint effect of com- 
paction of deposits above and below the water table (shallow and deep subsidence) 
but the volume of shallow subsidence probably is less than 10 percent of the total. 

The U.S. Coast and Geodetic Survey established a subsidence level net in the 
Los Banos-Kettleman City area in 1955 and releveled that net in 1957-58. Figure 3 
shows the extent and magnitude of subsidence in the period of about 26 months, 
based on a comparison of the two levelings. Maximum subsidence occurred 12 miles 
southwest of Mendota, in the area of shallow subsidence, and was 3.5 feet. A secondary 
maximum of 2 feet occurred 6 miles southeast of Huron. 

Figure 4 presents six profiles of subsidence along line A-A’ (fig. 3), extending 
northeast from the deformed older rocks of the Coast Ranges to Mendota. All are 
based on Coast and Geodetic Survey leveling. Maximum subsidence along line A-A’ 
from 1935 to 1957 was 16 feet, 9 miles southwest of Mendota. The westward drift 
of the axis of subsidence from 1947 to 1957 is evident on each of the four relevelings. 
In the 10 years the axis migrated westward about 4 miles, corresponding roughly 
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Fig. 4—Profiles of land subsidence, northeastward from Coast Ranges to Mendota 
(line A-A’, fig. 3). 


with but lagging behind the westward migration of the trough of artesian-head 
decline. The maximum rate of subsidence shown by these profiles was 2.2 feet a year 
from 1953 to 1955. 

Figure 5 presents a comparison of subsidence of a surface bench mark with 
change in artesian head in nearby wells, 9 miles southwest of Five Points (fig. 3). 
At the 1 to 20 ratio of plotting subsidence to artesian-head change, the subsidence. 
is conformable with the head decline. The decline in head from 1941 to 1955 was. 
about 250 feet, an average rate of 18 feet a year. 

To find out what part of the subsidence is caused by compaction of the deposits 
tapped by water wells, the Geological Survey has established depth bench marks and 
compaction recorders in several wells or cased core holes. In brief, the installation 
is made by lowering a weight to the bottom of the well on a stranded 1/8-inch steel 
cable which is passed over a sheave at land surface and counterweighted to produce 
substantial cable tension. A recorder is installed with its pulley wire attached to the 
1/8-inch anchored cable at land surface. Thus, any shortening or lengthening of the 
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interval between the land surface and the depth bench mark causes movement of 
the cable and is recorded on the chart. In most of the installations the well has been 
deepened or the core hole has been cased so as to allow the depth bench mark to 
pass below the bottom of the casing and come to rest directly in contact with the 
formation. ™~ 

The first compaction recorder was installed near Huron in 1955, in well 
19/17-35 NI, 2,030 feet deep. Figure 6 compares subsidence at a nearby surface bench 
mark (G 805), compaction between land surface and the depth of 2,030 feet in well 
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Fig. 6—Subsidence, compaction, and fluctuation of artesian head near Huron. 


19/17-35 NI (approximately the base of deposits tapped by water wells locally), and 
fluctuation of artesian head in a well about 5 miles east of the bench marks assumed 
to be locally representative (fig. 3). The graph shows that subsidence of the land sur- 
face at bench mark G 805, as determined by precise leveling of the Coast and Geodetic 
Survey, is virtually equal to the compaction of the deposits in the depth interval to 
2,030 feet. Also, the compaction rate corresponds with the trend of artesian-head 
decline as plotted at a scale ratio of 1 to 16. Compaction is seasonal, greatest during 
periods of declining head, and small or negligible in periods of recovery of head 
(nonpumping periods). 

Evidence from other compaction recorders installed so as to measure magnitude 
of the compaction in the confined aquifer and that occurring above indicates that 
compaction is occurring chiefly in the confined aquifer. The decline in artesian head 


causes a corresponding increase in the grain-to-grain load in the aquifer system, 


and the sediments compact. At several of these compaction recorders, change in 
artesian head measured in the same casing shows that there is little time lag in 
increase of compaction rate following increase in effective load (decline of head). 
On the other hand, others suggest a lag of months to a year or more. In general, 
the sites with the apparent substantial lag in compaction appear to have more and 
thicker fine-grained beds of silt and clay in the confined aquifer system. The compaction 
includes two elements: elastic compression of the deposits and permanent rearrange- 
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ment of grains. Evidence from several sources suggests that the compaction is chiefly 
of the latter type. 

As another part of the investigation, four core holes were drilled in the Los 
Banos-Kettleman City area; they range in depth from 1,000 to 2,200 feet and extend 
about to the base of the deposits tapped by water wells. Cores from these holes have 
been tested in the laboratory for physical and hydrologic properties, and for consoli- 
dation characteristics; studies also are being made of the petrology and petrography 
of the compacting deposits, including X-ray diffraction tests which have shown that 
the clay minerals are chiefly montmorillonite. The consolidation tests are being 
utilized together with the decline in artesian head (increase in effective load) to cal- 
culate the compaction of the aquifer system. Preliminary results suggest that the 
calculated compaction agrees fairly closely with the observed subsidence. 


3. COMPACTION OF AQUIFERS AND ESTIMATES OF WATER RESOURCES 


Compaction of a confined aquifer system such as that in the Los Banos-Kettleman 
City area is a complicating factor in estimating ground-water resources. Figure 7 
shows land-surface subsidence and decline in artesian head in the Los Banos-Kettle- 
man City area for the period 1943-53. Although the lines of equal subsidence (based 
chiefly on Coast and Geodetic Survey leveling) and the lines of equal decline in head 
(based on water-level contour maps for 1943 and 1953) are necessarily generalized 
because of skeletal basic control, the figure can be used to illustrate the complications 
caused by subsidence in making estimates of ground-water yield. 

The area considered in this evaluation is south of the Merced-Fresno County 
line, west of Fresno Slough and the Kings River, and north of a line between Kettleman 
City and Stratford. 

Gross pumpage of ground water in this area from 1943 to 1953 has been estimated 
as 6.9 million acre-feet (Davis and Poland, 1957, p. 432), and net or consumptive 
use of pumped ground water as 60 percent of the total. If 40 percent of pumped water 
returned to the ground-water body, the net withdrawal of ground water in the 10 
years was about 4 million acre-feet. 

The volume of subsidence in the 10 years was about 2.1 million acre-feet. 
A small part of this may represent compaction of near-surface deposits along the 
western edge of the area, but subsidence caused by compaction of the aquifer system 
in the 10 years is on the order of 2 million acre-feet. 

Thus, about half the net withdrawal (water permanently withdrawn) represents 
water squeezed out of the aquifer system by compaction of the deposits. The 
remainder was supplied by recharge from west-side streams, by westward movement 
of ground water into the area from the east side of the valley induced by a steep 
westward gradient, and by expansion of the confined water caused by the decline in 
artesian head, which ranged areally from 25 feet to 250 feet in the 10 years. It is 
assumed from sparse evidence that the water table did not change appreciably and 
thus that change in ground-water storage in the unconfined to semiconfined deposits 
above the Corcoran clay member was not appreciable. 

If the compaction of the aquifer system in the 10 years was caused almost wholly 
by a permanent rearrangement of grains and is chiefly irreversible, as appears likely 
from several lines of evidence not here cited, most of the volume reduction in pore 
space that has occurred would be permanent. The 2 million acre-feet of subsidence, 
if distributed uniformly over the area, would result in 2.8 feet of subsidence. The 
average thickness of the main confined aquifer as tapped by wells is on the order 
of 900 feet. Thus, if all the compaction occurred in the confined aquifer, the pore 
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space reduction required to produce the average 2.8 feet of subsidence is about 0.3 
percent of the total volume of the confined aquifer. 

Surface water will be imported to this area in the future. The water table then 
will be built up by infiltration of surface water, and the head in the confined aquifer 
also will rise, because of decrease in pumping rate and downward movement of 
water through the Corcoran clay member and through well casings perforated both 
above and below the clay. 

If the artesian head was built up again to its 1943 position, and then was drawn 
down in 10 years through the same decline that occurred from 1943 to 1953, com- 
paction of these preconsolidated deposits should not be appreciable in the 10-year 
period, and the water yielded would be about 2 million acre-feet less than was with- 
drawn in the 1943-53 period. 

Thus, the following two conclusions can be drawn: 

(1) In areas where substantial decline in head is produced by ground-water 
withdrawal from thick confined aquifers in unconsolidated deposits, compaction of 
the aquifer system and subsidence of the land surface can be expected. The magnitude 
of the compaction will depend on the thickness and physical character of the aquifer 
system, and on the amount of artesian head decline. 

(2) The quantity of water squeezed out of the aquifer system by permanent 
compaction is water available only once, and where compaction is appreciable, 
studies evaluating water supply should consider this water yielded from compaction 
as a nonreplenishable resource. 
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ANALYZING GROUND-WATER PROBLEMS 
WITH MATHEMATICAL MODELS AND A 
DIGITAL COMPUTER (*) 


~, 


W.C. WALTON and J.C. NEILL** 


SUMMARY 


It is often possible to simulate complex aquifer conditions with mathematical 
models based on the image-well theory and the nonequilibrium formula. Problems 
associated with geohydrologic boundaries are simplified to consideration of an 
infinite aquifer in which real and image wells operate simultaneously. The image- 
well theory is applied to multiple boundary systems by taking into consideration 
successive reflections on boundaries. : 

Records of past pumpage and water levels may be used to establish whether or 
not assumed mathematical models satisfy the geohydrologic limits of an aquifer. 
If computed and actual water-level declines agree, the mathematical model provides 
a means of predicting the effects of future ground-water development and the practi- 
cal sustained yield of an aquifer. 

Methods used in quantitatively appraising the ground-water resources of a 
deeply buried artesian aquifer in the Chicago, Illinois region, U.S.A., are described 
to demonstrate the applicability of mathematical models. Approximately 20 man days 
were required to make and check by conventional methods the computations associa- 
ted with the mathematical model for the Chicago region. By comparison it was found 
that the same results could be obtained in approximately one man-day with assis- 
tance from the University of Illinois automatic electronic digital computer (Illiac). A 
description of machine programming is presented to show how a digital computer can 
expedite the solution of a mathematical model using the nonequilibrium formula. 


1. INTRODUCTION 


Geohydrologic settings in many areas have heretofore been considered too 
complex to permit quantitative description with analytical expressions. In some 
cases, restrictions associated with complicated mathematics might be eliminated by 
devising approximate methods of analysis based on idealized mathematical models 
of aquifer situations. Appropriate assumptions often lead to a simplification of 
aquifer conditions to the point where mathematical solutions become practical. 

Cursory consideration may suggest that simplifying assumptions are so idea- 
jistic as to preclude a reasonably accurate solution. However, with sound professional 
ludgment geohydrologic conditions often can be highly idealized with little sacrifice 
in accuracy of analysis. In addition, the adequacy and accuracy of basic data is seldom 
sufficient to warrant a rigorous theoretical and precise evaluation of the practical 
sustained yield of an aquifer. In most cases, the complexity of geologic conditions 
dictate that quantitative appraisals derived from any method of analysis can at best 
be considered only approximations. 

Frequently, mathematical solutions are too laborious and costly to be practical. 
The time-consuming computations associated with mathematical models can in 
most instances be reduced to simple standardized procedures which can be inex- 
pensively handled by means of digital computing machines. 
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2. GROUND-WATER MODELS 


Complex ground-water flow systems are investigated by model studies. Ground- 
water models may be grouped into four types: mechanical, hydraulic, electric, and 
mathematical. Of the above mentioned models only the hydraulic sand-tank model 
can be regarded as a true model in that the aquifer situation is scaled down to 
laboratory size. The other ground-water models are based on analogies. 

Mechanical, electric, and hydraulic models have been described in detail by Todd 
(1959) and others. Research on these ground-water models is at present being con- 
ducted in the United States. Research projects were outlined in a mimeographed 
report printed in 1958 by the Committee on Ground Water, American Geophysical 
Union. 

In applying mathematical models to field problems the geohydrologic boun- 
daries of the aquifer evident from areal investigations must be idealized to fit com- 
paratively elementary geometric forms such as wedges and infinite, semi-infinite, 
or rectilinear strips. Boundaries are assumed to be straight-line demarcations and 
are given mathematical expression by means of the image-well theory. The hydraulic 
properties of the aquifer are considered mathematically by using the nonequilibrium 
formula. 


3. SIMULATING AQUIFER CONDITIONS WITH MATHEMATICAL MODELS 


With long periods of pumping the existence of geohydrologic boundaries serves 
to limit the continuity of aquifers in one or more directions to distances ranging 
from a few hundred feet or less to a few miles or more. Aquifers in glaciated areas 
are particularly limited in areal extent. Geohydrologic boundaries may be divided 
into two types, barrier and recharge. Barrier boundaries consist of folds, faults, or 
impervious layers such as shale or clay. Beds of rivers, lakes, and other bodies of 
surface water hydraulically connected to aquifers are termed recharge boundaries. 
Barrier boundaries are treated mathematically as flow lines and recharge boundaries 
are considered as equipotential surfaces. 

The influence of geohydrologic boundaries on the response of an aquifer to 
pumping can be determined by means of the image well theory described by Ferris 
(1951). The image-well theory as applied to ground-water hydrology may be stated 
as follows: the effect of a barrier boundary on the drawdown in a well as a result of 
pumping from another well is the same as though the aquifer were infinite and a 
like discharging well were located across the real boundary on a perpendicular 
thereto and at the same distance from the boundary as the real pumping well. For 
a recharge boundary the principle is the same except that the image well is assumed 
to be recharging the aquifer instead of pumping from it. Thus, the effects of geo- 
hydrologic boundaries on the flow to a well can be simulated by use of hypothetical 
image wells. Boundary problems are thereby simplified to consideration of an 
infinite aquifer in which real and image wells operate simultaneously. 


3.1. Multiple Boundary Systems 


Generally aquifers are delimited by two or more geohydrologic boundaries 
Two converging boundaries delimit a wedge-shaped aquifer and two parallel boun- 
daries form an infinite strip aquifer. The image-well theory may be applied to such 
cases by taking into consideration successive reflections on the boundaries. 

A number of image wells are associated with a pair of converging boundaries. 
A primary image well placed across each boundary will balance the effect of the pumped 
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well at each boundary. However, each primary image well produces an unbalanced 
effect at the opposite boundary. Secondary image wells must be added at appropri- 
ate positions until the effects of the real and image wells are balanced at both boun- 
daries. Although image-well systems can be devised regardless of the wedge angle 
involved, simple solutions of closed image systems are“preferred (Knowles, 1955). 
The actual aquifer wedge angle, 9, is approximated as equal to one of certain aliquot 
parts of 360°. These particular values of § were specified by Knowles (1955) as follows: 
«If the aquifer wedge boundaries are of like character, must be an aliquot part of 
180°. If the boundaries are not of like character, must be an aliquot part of 90°». 
Under the foregoing conditions and from the solution of the wedge problem as 
given by Carslaw and Jaeger (1947) it is evident that the exact number of image 
wells, n, depends upon the angle, 9, included between the boundaries and is given by 
o 

the expression, n = oo at, The locus of image well locations is a circle whose 
center is at the apex of the wedge and whose radius is equal to the distance from the 
pumped well to the wedge apex. 

If the aquifer wedge boundaries are not of like character the character of each 
image well, recharge or discharge, can be ascertained by balancing the image-well 
system, considering each boundary separately (see Walton, 1953). A primary image 
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well placed across a barrier boundary is discharging in character, and a primary 
image well placed across a recharge boundary is recharging in character. A secondary 
image well placed across a barrier boundary has the same character as its parent 
image well, and a secondary image well placed across a recharge boundary has the 
opposite character as its parent image well. 

If the arrangement of two boundaries is such that they are parallel to each other, 
analysis by the image-well theory requires use of an image-well system extending 
to infinity (Knowles, 1955). Each successively added secondary image well produces 
a residual effect at the opposite boundary. However, in practice it is only necessary 
to add pairs of image wells until the next pair has negligible influence on the sum 
of all image-well effects out to the point. Image-well systems for several common 
aquifer and pumping conditions are shown in figure 1. 


4. APPLICATION OF PAST RECORDS TO MATHEMATICAL MODEL CONSTRUCTION 


Records of past pumpage and water levels may be used to establish whether 
or not assumed mathematical models satisfy the geohydrologic limits of the aquifer. 
The water-level decline at several points is computed as a test, using the hydraulic 
properties of the aquifer and estimated past pumpage data, taking into account 
known geohydrologic boundaries. 

Pumpage from the aquifer is grouped into centers of pumping and broken into 
step increments. Centers of pumping and the geohydrologic boundaries are drawn 
to scale on a map and the image wells associated with the geohydrologic boundaries 
are located. The distances between observation points and the pumping centers 
and the image wells are scaled from the map. The water-level decline at observation 
points resulting from each increment of pumpage at each pumping center is deter- 
mined, using the nonequilibrium formula (Theis, 1935) to compute the effects of 
the real and image wells. The problem of analysis is simplified to one of algebraically 
adding effects of image and real wells in an infinite aquifer. 

Generally the exact location of boundaries is unknown and the initial assumed 
conditions may prove to be in error in light of a comparison between computed and 
actual decline. In this event the mathematical model is modified and computations 
repeated until assumed boundary conditions result in correct computed declines. 
A rule to be observed in the construction of mathematical models is that the assumed 
model be in accord with the geohydrology of the real aquifer and that the model 
be geometrically similar to the physical flow system. If computed and actual decline 
agree closely the mathematical model may be used to predict with reasonable accu- 
racy the effects of future ground-water development and the practical sustained 
yield of an aquifer. 


5. APPLICABILITY OF MATHEMATICAL MODELS 


Ideal boundary conditions and water-bearing characteristics are rarely if ever 
found in nature. Most aquifers are heterogeneous and anisotropic. The coefficient 
of transmissibility of deposits often changes markedly in short distances and 
stratification of deposits results in large differences between permeabilities measured 
parallel and across bedding. These recognized departures from ideal conditions do 
not necessarily dictate that mathematical models be rarely used. Such departures 
emphasize the need for sound professional judgment in designing mathematical 
models to fit actual conditions and in properly qualifying results according to the 


extent of departures. 


339 


Most geohydrologic boundaries are not clear-cut straightline features but are 
irregular in shape and extent. However, it is generally permissible to treat geohydro- 
logic boundaries as straight-line demarcations because irregularities are often small 
when compared with the areal extent of most aquifers. It should be recognized that 
idealized mathematical models describe the drawdown least accurately in the 
immediate vicinity of boundaries. The greater the distance to the boundary from 
the observation point the smaller will be the error involved by the approximation. 

It is often possible to simulate complex aquifer characteristic conditions with 
mathematical models by considering gross and detailed transmissibility variations 
separately. With appropriate recognition of geohydrologic controls there are many 
ways of circumventing analytical difficulties posed by complex field conditions. 


5.1. Mathematical Model for the Chicago, Illinois Region 


A detailed report on the ground-water resources of the Chicago Region in 
northeastern Illinois, U.S.A., was published cooperatively by the Lllinois State 
Water Survey and the Illinois State Geological Survey (Suter, et al 1959). Included 
in that report and based on a mathematical model was a quantitative evaluation 
of the practical sustained yield of the Cambrian-Ordovician Aquifer. 

The Cambrian-Ordovician Aquifer is the most highly developed source of large 
ground-water supplies in the Chicago Region and consists in downward order of 
the Galena-Platteville Dolomite, Glenwood-St. Peter Sandstone, and Prairie du 
Chien Series of Ordovician Age; Trempealeau Dolomite, Franconia Formation, 
and Ironton-Galesville Sandstone of Cambrian Age. The sequence, structure, and 
general characteristics of these rocks are shown in figure 2A. Available data indicate 
that on a regional basis, the entire sequence of strata, from the top of the Galena- 
Platteville to the top of the shale beds of the Eau Claire Formation, essentially 
behave hydraulically as one aquifer. The Cambrian-Ordovician Aquifer is effectively 
separated from the fairly permeable Mt. Simon Aquifer by impermeable beds of the 
Eau Claire Formation. The Maquoketa Formation above the Galena-Platteville 
acts as a barrier between the Silurian age dolomites and deeper aquifers and confines 
the water in the Cambrian-Ordovician Aquifer under artesian pressure. The Cambrian- 
Ordovician Aquifer receives water from overlying glacial deposits mostly in areas 
where the Galena-Platteville Dolomite is the uppermost bedrock formation below 
the glacial deposits, west of the border of the Maquoketa Formation shown in 
figure 2C. Recharge of the glacial deposits occurs from precipitation that falls locally. 

Based on the results of 63 pumping tests, the coefficients of transmissibility 
and storage of the Cambrian-Ordovician Aquifer are fairly uniform throughout 
large areas in northern Illinois and average 17,000 gallons per day per foot and 
0.00035 respectively. Deep wells in Kankakee County and near the Indiana state 
line have small yields indicating that the coefficient of transmissibility rapidly 
decreases south of Joliet and east of Chicago. 

The results of geologic and hydrologic studies in northeastern Illinois indicate 
that the effects of geohydrologic boundaries on the drawdown in wells in the Cambrian- 
Ordovician Aquifer can be simulated by analysis of a mathematical model. The 
mathematical model consists of a semi-infinite strip aquifer 84 miles in width extending 
from west to east bounded by a recharge boundary 47 miles west of Chicago and 
by two intersecting barrier boundaries 37 miles east and 60 miles south of Chicago. 

Records of past pumpage and water levels were used to test the assumed mathe- 
matical model aquifer against past performance and thereby establish the validity 
of this mechanism to predict the practical sustained yield of the aquifer. 

Pumpage of ground-water from deep wells in the Chicago Region increased 
gradually from 200,000 gallons per day in 1864 to more than 76 million gallons per 
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and estimated pumpage to 1980, subdivided by source is shown in figure 2B. The 
changes in artesian pressure produced by pumping have been pronounced and 
widespread. Figure 2C shows the decline of artesidn pressure in the Cambrian- 
Ordovician Aquifer from 1864 to 1958. 

The pumpage from the Cambrian-Ordovician Aquifer was grouped into six 
centers of pumping and further broken into step increments. The six centers of 
pumping and the geohydrologic boundaries were drawn to scale on a map and 
the image wells were located. The water-level decline in the Lisle area resulting from 
each increment of pumpage at each of the six pumping centers was determined by 
means of the mathematical model shown in figure 1D, using the nonequilibrium 
formula and pumping test results to compute the effects of the real and image wells. 
The computed total decline in nonpumping water level in the Lisle area, 1864 through 
1958, 450 feet is within 7 per cent of the actual decline, 420 feet. 

According to an estimate based on the past rate of increase of pumpage (figure 
2B), about 56 million gallons per day will be withdrawn from the Cambrian-Ordovician 
Aquifer in 1980. Declines in nonpumping water levels that may be expected between 
1958 and 1980 at Chicago, Joliet, Des Plaines, Elmhurst, Elgin, and Aurora were 
computed by using the mathematical model and assuming that the distribution of 
pumping remains the same as it was in 1958. Computed declines ranged from 300 
feet in the Chicago area to 190 feet at Elgin and averaged 250 feet. 

Studies indicate that the practical sustained yield of the Cambrian-Ordovician 
Aquifer is limited, not by the rate of replenishment in recharge areas, but by the rate 
at which water can move eastward through the aquifer from recharge areas. The 
practical sustained yield is defined as the maximum amount of water that can be 
withdrawn without eventually dewatering the most productive water-yielding 
formation, the Ironton-Galesville Sandstone. Computations made using the mathe- 
matical model in figure 1D, indicate that if the distribution of pumpage remains 
the same as in 1958, the practical sustained yield of the Cambrian-Ordovician 
Aquifer is about 46 million gallons per day. 


6. COMPUTATION BY ELECTRONIC DIGITAL COMPUTER 


Approximately 20 man-days were required to make and check the computations 
associated with the mathematical model using conventional methods for the Chicago 
region. By comparison it was found that the same results could be obtained in 
approximately one man-day with assistance from the University of Illinois automatic 
electronic digital computer (Illiac). 

A complete set of instructions were devised for the automatic solution of the 
nonequilibrium formula which may be written ase 
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s is the drawdown or buildup in feet at the observation point, Q is the discharge or 
recharge rate of the real or image well in gallons per minute, r is the distance in feet 


from the real or image well to the observation point, ¢ is the time in days after pumping 
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or recharging started, T is the coefficient of transmissibility in gallons per day per 
foot, and §S is the coefficient of storage. 


6.1. Data Input Format 


Data enter the Illiac in the form of a pattern of holes punched in paper tape. 
Arrangement of data on the input paper tape is important to repeated automatic 
solution of the nonequilibrium formula. Many of the same data items may be used 
repeatedly in various combinations. Consequently, the data input format and the 
instructions to the Illiac were designed to minimize repetitious labor in data tape 
preparation. An illustrative order of items on the data tape is shown in figure 3. 
The T and S portion is located at the leading end of the data tape since only one set 
of these values is required for a single mathematical model. Either all or portions 
of the remainder of the format may be repeated many times. 


Number of values in T-table 
UN LEME im ec Th Ln =24 
-—T- Last entry in table is a negative number 


S= Coefficient of storage 


Number of values in r-table 
ia ants s - ler i= n=325 


(Qt), (Q,tho, eye on, Reel te (Q,tim, 1l=m= 46 
-Q_ This entry in table must be a negative number 
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pel When this entry is +, the format can be repeated in o 

ID similar manner beginning with the r-table. Computer 
stops when this entry is negotive. 


Fig. 3 — Illustrative data input format. 


Details of machine programming are beyond the scope of this paper. An outline 
or a flow diagram, figure 4, and the data input format, figure 3, will be used as a 
basis for a brief discussion of steps in the solution of a mathematical model. Each 
block in figure 4 may represent either an individual instruction to the computer or 


many individual instructions. 


343 


(1) ——(2) 
START INPUT INSTRUCTIONS INPUT T-TABLE AND 
(5) : : G) 
[input ID-TABLE {INPUT Q,t-TABLE INPUT r-TABLE 


af @5) 
2 (NEXT N2 ON TAPE\= STOP 
% ‘s + OR-? @) 
. @ 


‘S 
© ALL © ADVANCE r-ADDRESS 
("+ 0°-7) ey useo 7h RESET T-ADDRESS 
+ 


3 RESET 0,1-ADDRESS 
ADVANCE f- ADDRESS 
at RESET T-ADDRESS 


(8) 
Go+on-?) + 
+ (13) 
3 NEXT N2 ON TAPE + UR-? 


(10) RESET ID-ADDRESS 
COMPUTE u RESET Q,t-ADDRESS 
ADVANCE ADDRESS OF T 
PRINT u 
(2) 
u=10? 


Ydjo 


ete! AUVANCE ADDRESSES 
CM Res 


ACCUMULATE Wlu)p, ® 
. (5) [COMPUTE AND 
PRINT W(u) PRINT s 


UNTIL 
Fig. 4 — Abreviated flow diagram for a mathematical model. 


Wu} Wu), < 


The first step after starting the Illiac, block 1 of figure 4, involves arrangement 
of the complete program of instructions in designated locations in the memory. 
Block 2 inserts values of T and S as input data and blocks 3 and 4 insert values of r 
and tables of Q and 1, respectively. Instruction blocks 3 and 4 are used several times 
during an analysis, with block 4 functioning more frequently than block 3. 

Increments of drawdown and buildup for given values of Q and ¢ and particular 
real and image wells are given identification numbers (ID numbers). Instructions 
given in blocks 5, 9, 17, and 18 insure proper identification of the many drawdowns 
and buildups. Block 5 functions more times than the other input blocks in providing 
sets of identification numbers for use during analysis. The printing of T, block 7, 
also provides identification and segregates groups of values in the output format. 


6.2. Arithmetic Instructions 


The first five blocks of figure 4 provide the Illiac with a complete program of 
instructions and one set of data with identification numbers which are required 
before the machine can proceed to obey arithmetic type instructions. During the 
computational phase the programmer must arrange for arithmetic instructions to 
function in harmony with instructions involving movement of data in the computer, 
and subsequent insertion of other sets of data from the input tape, and the output 
of results. The algebraic sign of a number is frequently used as a basis for synchron- 
izing the operation of the different types of instructions. For example, quantities 
conveniently referred to as —T, —Q, and +ID are punched at the end of their 
respective tables, figure 3, to enable the Illiac to make pertinent decisions in flow 
diagram blocks 6, 8, 19, and 24. An alternate cycle from block 12, when u is greater 
than 10, was also arranged because drawdowns associated with these u-values are 
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too small to be of practical significance. The alternative saves computer time and 
omits several nonsignificant entries in the output record. 

A table of values for W(u) and u has been published and could be stored in the 
Iliac. However, a table would use valuable memory space and it is quicker and easier 
for the Illiac to compute the required values of W(u) when needed than to locate 
them in a table stored in the computer memory. Instructions represented by block 
14 are concerned with the solution of the exponential integral of the nonequilibrium 
formula. The exponential integral, W(u), is handled as a convergent series by 
accumulating pairs of terms enclosed by parentheses in formula (2). The summation 
process continues until the increment becomes less than a preassigned value J. 
Subsequently, the value of W(u) is printed and the computation for drawdown is 
completed in blocks 15 and 16, respectively. 

At this point in the instruction program, the Illiac has completed a cycle for 
one drawdown or buildup. The machine will continue to operate as shown diagram- 
matically in figure 4 until all sets of input data have been read from the tape and 
used in computations. 


6.3. Output Format 


A teletypewriter reads the output tape and prints values of T, identification 
numbers, values of wu and W (u), and drawdown or buildup as shown in Table 1. 


TABLE 1 


Illustrative output format 


i 


T Identification 


Identification W (uw) 


Drawdown or buildup s 
number 


Data in the output format and a few computations made by conventional methods 
are used to spot check the performance of the Illiac. el Vs 

The above discussion is suggestive of how an electronic digital computer can 
be utilized to expedite the solution of a mathematical model using the nonequilibrium 
formula. Almost all of the one man-day required for solution of mathematical 
model for the Chicago Region was associated with manual preparation of the input 
data tape. The Illiac required approximately 30 minutes to compute 600 sor de 
at a rate of $0.35 per minute. This cost includes only the operator and the use . 
the machine. As shown in figure 3, the Illiac program can analyze any mathematica 


model by proper use of the input data format. 


345 


REFERENCES 


CarsLaw, H.S., and Jagecer, J.C., 1947, Conduction of heat in solids: Oxford 
University Press, p. 234. ; 

Ferris, J.G., 1951 ed. Wisler, C.O., and Brater, E.F., Hydrology, Chap. VII, Ground 
Water: New York, John Wiley and Sons, Inc. ~ 

Knowles, D.B., 1955, Ground-water hydraulics: Open-file report, U.S. Geol. 
Survey. Unpublished. 

Suter, Max, BERGSTROM, R.E., SmitH, H.F., Emricu, G. H., Walton, W.C., Larson, 
T.E., 1959, Preliminary report on Ground-water resources of the Chicago 
Region, Illinois: Cooperative, ground-water report 1, Illinois Dept. of Regis- 
tration and Education. 

Tues, C.V., 1935, The relation between the lowering of the piezometric surface 
and the rate and duration of discharge of a well using ground-water storage: 
Am. Geophys. Union Trans., Bt 2, p. 519-524. 

Topp, D.K., 1959, Ground-water hydrology: New York, John Wiley and Sons, Inc. 

WALTON, W.C., 1953, The hydraulic properties of a dolomite aquifer underlying 
the village of Ada, Ohio: Technical Report No. 1, Ohio Dept. Natural Resources. 


346 


ELECTRONIC COMPUTERS AS AN AID TO THE 
ANALYSIS OF HYDROLOGIC PROBLEMS 


s H.E. SKIBITZKE 
Mathematician, Ground Water Branch, U.S. Geological Survey Phoenix, Ariz. 


SUMMARY 


Recent developments in the numerical analysis of mathematical functions of the 
type used in hydrologic studios have extended the engineer’s ability to study complex 
flow regions. These numerical methods lead to exactly equivalent electrical analogies. 
The analogies become the basis for electronic analog computing equipment. In turn, 
the use of these electrical analogies extends the engineer’s range of investigation by 
many magnitudes, owing to the reduction of the cost of completing the numerical 
calculations. In addition, the analog methods allow the study of differential equation 
that have no simple numerical equivalents. Descriptions of the electronic analogs and 
the results achieved are outlined. Methods of converting geologic information into 
quantitative computer linkages are discussed. 


RESUME 


Des développements récents de calcul numérique des fonctions mathématiques 
du type utilisé dans des études hydrologiques ont élargi l’aptitude de l’ingénieur pour 
étudier les écoulements complexes. Ces méthodes de calcul numérique conduisent 
a des analogies électriques équivalentes. Ces analogies deviennent la base des compu- 
teurs électriques. 

En résultat de la réduction du coiit des calculs numériques l’emploi de ces analo- 
gies electriques permet a l’ingénieur d’étendre ses investigations sur un champ plus 
vaste. En plus, la méthode des analogies électriques permet la solution des équations 
aux dérivées partielles lesquelles n’ont aucun équivalent numérique simple. Un apergu 
des descriptions des analogies électroniques et des résultats accomplis est presente. 


1. ANALYSIS OF THE PROBLEM CONFRONTING THE GROUND-WATER HYDROLOGIST 


The problem confronting the ground-water hydrologist is most often that of 
relating cause and effect when a community desires to develop ground-water supplies 
The effect that is of greatest interest is depletion of the available water resource. 
Generally, the greatest concern is depletion of ground-water supplies by unwatering. 
of the aquifer. A side effect to this unwatering, or lowering of water levels, is a dimi- 
nution of the flow of surface streams in the area. In order to illustrate a computer 
approach to a ground-water problem, the question of the lowering of water levels 
will be analyzed here. These data, when derived for a given field problem, are useful 
in analyzing other problems such as quality of water, salt-water intrusion, streamflow 
depletion, and earth subsidence. é' 

The planning of water developments occurs because a need for water has arisen 
within the community. The first decision to be made is usually one of locating, at 
least tentatively, the site of the water development. Questions then occur as to the 
economics of the development at one site and at various alternates. The exact location 
of the water development is decided finally by weighing the various alternatives. 
Parts of both questions require answers as to how much stress will be exerted on the 
surrounding region by any projected development. The answer will require cause- 
and-effect analysis by the ground-water hydrologist. All too often the hydrologist 
is asked simply, «what do we do?» This question arises, at least in part, because the 
complexity of the problem renders a personal opinion almost a necessity. However, 
the question of what to do entails many subtle sociologic and economic consequences 
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and, it might be added, many which are not so subtle. Possibly here the better 
approach to the problem would be one of considering various causes and describing 
their effects. The community then could analyze the question of which possible 
result would be the least detrimental to the group. The term «detrimental» is used 
here advisedly because, in general, the results of water “utilization are detrimental 
to the remainder of the water supply and to its quality. 

The economic effect most commonly understood by the layman is the change 
in water levels. This can be evaluated readily in terms of pumping lift and cost of 
drilling. The water-level configuration usually determines the amount of water we 
may pump from a given well. Generally, the effect that the ground-water hydrologist 
is attempting to determine is the change in water levels due to a cause which can be 
assumed. to be the removal of water by pumping. We have here the cause and effect— 
pumpage and change in water levels. The hydrologist must consider the relating 
factors between the two. 

The water levels are a measure of the potential energy and therefore the change 
in water levels with distance will represent a force field. The engineer thus establishes 
a relationship between the physics and economics of water development. The moye- 
ment of water toward a point of discharge will require a force. Because the water 
levels in the undisturbed state are related only to the removal of water from natural 
discharge points we will expect a new force field, and therefore a new expression in 
water levels, to describe removal of water at other discharge points desired by man. 
The changes in the force field will be controlled by the location of water removal 
and the physical characteristics of the rock material in which the water flows. The 
physical characteristic of greatest importance is the friction coefficient for water 
motion in the rocks. Actually, the hydrologist uses the inverse of this and calls it 
the rock permeability. The relationship between cause and effect is contained in the 
physical characteristics of the rocks in which the water moves. It appears, then, that 
the rock materials will be of great importance to the evaluation of our water resource. 

The motion of the water toward the new discharge points will deplete part of 
the supply of water stored in the rock materials themselves. The removal of water 
from storage in the pore spaces causes the water levels to change with time. Therefore, 
when it is necessary to analyze the water-level change in a transient sense it is 
necessary to consider the question of ground-water storage in the voids of the rock 
material. This is a second relating factor between cause and effect. 

After relating cause to effect is accomplished, the decision as to how to present 
the data to the layman must be determined. The problem being considered here is 
to obtain a result interpretable in terms of water-level changes. It might be added 
that it is necessary also to interpret the feasibility of water-level change in the degree 
necessary for the projected development. As an example, thin water-table aquifers 
will afford only small water-level changes before complete depletion. If the data 
on the nature of the rocks constitute the total presentation put forth by the hydro- 
logist, it will be found that the relating factor is described, but not the result. If it 
were possible to present maps showing the water levels as they would appear in the 
future, as related to various choices of ground-water development, the community 
would have information available that would be both pertinent and understandable. 
This is largely the goal of computer developments, although if the final result could ~ 
be achieved in any other way it would be equally desirable. Usually, however, it 
cannot be derived except by computer analysis. 


2. ANALYSIS OF THE GROUND-WATER FLOW SYSTEM 
The diagram shown as figure 1 la illustrates the functioning of most ground-water 
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systems. Precipitation falls upon and enters the soil zone that overlies the ground- 
water reservoir, or aquifer. Only a small part of the precipitation will appear as ground 
water; most of it will move off either by direct runoff or by evaporation of water 
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Fig. 1 — Chart showing presentation of data from computer solution. 


from soils or from plants. A small amount of the soil water migrates downward 
into the aquifer. Thence the water moves through the rocks and eventually reappears 
either as surface water or as vapor released to the atmosphere. In the movement 
of water through the rocks, considerable energy is expended owing to the friction of 
movement. This requires that the head gradients decline in the direction of motion. 
The position of the water levels depends also upon the rock parameters. It can be 
said, then, that before disturbance by man the water levels are a result of the natural 
flow through the aquifer and the relating function involves the rock parameters of 
the aquifer, particularly permeability. This illustrates the central role of the rock 
formations in the control of our ground-water supplies before man develops them. 
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The physical nature of the aquifer is also the relating function for the changes 
that will occur upon development by man. These are illustrated by the diagram shown 
as figure 1b. In this case we again find the aquifer in its natural state, but now man 
exerts a stress or cause, as shown on the left, which usually is the removal of ground 
water by pumping. The result of this stress will be shown as a change in water level, 
which results in turn in a change in the quantity of water leaving by surface runoff 
and evapotranspiration. The relating function between these two again involves 
the physical parameters of the rocks of the aquifer. When considering the changes 
induced by man the central role of the aquifer and its physical parameters is apparent. 

The principle of superposition is applied at this point. This principle states that 
under certain conditions, most of which have not been established at the present 
time, the stresses exerted through water-development programs can be added to 
the stresses existing in the natural state, arriving at resultant effects. The principle 
of superposition states further that these quantities are mathematically additive if 
the separate flow systems can be isolated and calculated individually. Although these 
principles certainly need careful scrutiny, they are presently accepted with little 
concern. The nature of the principle is shown schematically by removing the horizontal 
group from figure 1b and showing it separately as in figure lc. This separates the 
natural state from that to be imposed by man. Thus problems of ground-water flow 
are solved by concentrating only on the horizontal relationship between manmade 
causes and their effects. When the solution for this group is accomplished it may 
be added to (or subtracted from, as the case may be) the vertical grouping in figure la, 
the natural state. Further, several cause-effect relationships may be added together 
in the same way. A method of study oftentimes applied is to use the vertical grouping 
to determine the aquifer characteristics. This is done by first identifying the natural 
conditions through using the earliest available data. Thus quantitative data with 
adequate geologic information provides the detail needed for computer analysis. 

By assuming in this discussion that the principle of superposition will hold 
we are limiting the computer analysis to the stress system shown in figure Ic. Actually, 
this unduly restricts our study because the complete problem can be handled quite 
easily. The problem for the present will be one of describing the relating factor (the 
aquifer) in a sense that would be best labeled as «quantitative». 

The physical scientist usually describes his problem in terms of differential 
equations. If more than two variables are present the description is in terms of partial 
differential equations. These equations describe the internal state, in this case the 
relating factor, of the physical system being studied with regard to the pertinent 
forces involved. He then describes the boundary conditions in space and time. These 
conditions are our cause relationships. The solution is then found by imposing the 
given boundary conditions, or cause, on the relating function, the solution being 
the effect. The partial differential equations are in the role of interpolation functions. 
It is possible to interpolate between boundary points in time and space by this inter- 
polation function. The physical parameters describing the partial differential equations 
become, in effect, the interpolation function. The geology can be related to the problem 
if the geologic data can be formed into an interpolation function. This difficult 
problem is handled in the computer matrix to be described in the following sections. 


3. MATHEMATICAL DESCRIPTION OF THE RELATING FUNCTION AND ITS ELECTRICAL 
ANALOG 


The partial differential equations describing ground-water motion that we must 
describe by electronic analog are 


Saal 


Q = — P grad h (Darcy’s law) (1) 
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. (Theis’ equation) (2) 


the velocity divided by a porosity function 
= permeability of the rock formation = P(x, y, z, ft) 
hydraulic head 
density of water per unit volume of aquifer; i.e., 
fraction of water to solid aquifer = o(x, y, z, ft) 


V 

ey i 

Q = vector quantity describing flow rate; i.e., 
jz 

h 

Q 


These two equations may be combined by introducing equation (1) into equation (2) 
leading to 


-(P grad h) = 2 
yous Pitae (3) 


The usual expression for @ is simply the linear relationship 
@ = Sh + Q1 (4) 
where 


h = hydraulic head 
S = bulk modulus of elasticity for the liquid-solid system 
01 = porosity of the rock for the arbitrary zero = head condition 


By the use of equation (4), equation (3) reduces to 


dA 
VP gradh = 5 — (5) 


Mathematically this may be expanded to 


(V7: P) gradh + P 7 grad iS (6) 


= 
or 
oh 
(7: P) grad h + Ph 9) oe (7) 
t 
We may simplify the discussion here somewhat by assuming that grad h is small 
and that (7° P) does not become large at any place in our system. The general case 
without these limitations is little different and will be described in detail by the author 
and one of his colleagues in a separate report. With these simplifying features, 
equation (7) may be written as 


. dh 
Pyh = 5S — (8) 


The finite-difference expression for this quantity may be used in deriving an 
electrical-equivalent expression. There are methods of using the continuous expres- 
sion but they are severely limited in their application and usability. The development | 
of finite-difference equations for the expression yh is the basis for the use of rela- 
xation methods in the physical sciences (Allen, 1954, p. 54-59). In the case of rela- 
xation methods it is necessary to determine the finite-difference equations for the 
expression. 


Py?h =0 (9) 
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This is the Laplace equation. It is possible to divide by P and thereby eliminate it 
from the problem. The nonequilibrium equation (8) cannot be simplified by the eli- 
mination of P but it may be moved over to the right side of equation (8), leading to 


yh = —~ ~~ 


It is now possible to write a finite-difference expression for the quantity on the left 
which may be set approximately equal to the time derivative on the right. It should 
be possible also to write a finite-difference expression for this time derivative. That 
is, in finite-difference form, equation (8) may be expressed as 


6 oh 
LP| Dh;— 6ho | | S — (10) 
it or) F 
where ho = the hydraulic head at the point of interest 


h; (i = 1, 2, 3, 4, 5, 6) = the hydraulic head at distance L away from the point where 
ho is being determined, the directions of L being for the 
positive and negative x direction; positive and negative y 
direction; and positive and negative z direction 


oA oh 
S —) = finite-difference expression for | S — }. 
or F or 


The equivalent of equation (10) is derived in several publications, including a treatise 
by Allen (1954, p. 218-236) and a report in preparation by the author and one of 


r oh 
his colleagues. The quantity ( RY >) would be the rate of release of liquid from 
F 


the volume L?® as the hydraulic head is changing with time. The amount being released 


oA , oh 
would be the quantity L3S 6. which equals (s =) . The final finite-difference 
t t/F 


expression for continuous time changes would be 


; dh 
(3 In — 6h wis — (11) 
1 or 


This is the equation that may be used in the determination of an electrical analogy. 
The outline of the development here was intended not to be a rigid mathematical 
development but rather to illustrate the physical picture of the meaning of the 
expression being used. The derivations are in the articles given as reference. 


' The analogy may be derived from an expression for the electrical current flowing 
into a junction of an electrical network. The network junction is defined in figure 2. 
It consists of a common connection to six resistors and an electrical capacitor going 
to ground from the junction. The total current into the junction may be described as 


(Vi — Vo) ¥a + Va— Vo) ¥p + (V3—Vo)¥o + (Va— Vo) ¥p + (Vs — Vo) Yu 
+ (Ve— Vo) Yr =—€E (12) 


(Millman, 1941) 


352 


Element of Aquifer Resistance Capacitance Net 


Resistors AandB are Proportional to hydraulic 
conductivity of the element in the z direction, 
Dond Cin the x direction, and E end F'in the y 
direction. Capacitor g is proportional to the 
Storage coefficient of the element. 


Fig. . — Diagram showing relationship between hydraulic element and electrical 
element. 


where Vo = the electrical potential at the junction 
Vi(i = 1, 2, 3, 4, 5, 6) = the electrical potential at the ends of resistors 
A, B, C, D, E, F opposite the junction 
Y; (i = 1, 2, 3, 4, 5, 6) = the electrical conductivity of resistors 
Aj2B.G, D; Book 
and, € = the current flow from the capacitor to the junction. 


The capacitor connected between the junction and ground can store an electrical 
charge. The rate at which the charge will be stored is 
Vo 


See oo 13 
cau: (13) 


This is the current flow into a capacitor having capacitance C, which may be substi- 
tuted in equation (12) to give 

rz 
Co = (Vy —Vo) ¥a + Vo—-Vo) Yn + (Va— Vo) ¥o + (Va— V0) ¥p + Vs— Vo) Yen 

+ (Ve— Vo)Yr (14) 
If the conductivities Y; are equal, equation (14) may be written as 

c fh, + Ve + Va + Va + Ve + Ve)— 6Vo}Y (15) 
or 


where Y is the conductivity of any resistor. 
By writing equations (11) and (15) adjacent to one another, 
6 dh 
LP| Shy — 6ho | ¥ L3S — (11) 
1 or 


393. 


6 Vo 
y| 0 Mv%—6Vvo |= C— (15) 
1 or 


‘ 


the analogy may be clearly seen. The heads h may be taken directly analogous to 
the electrical potentials V. The electrical conductivity ofthe resistor, Y, is directly 
analogous to the term LP. The storage coefficient times the finite unit volume of 
the aquifer, L°S, is directly analogous to the electrical capacitance C. The analogy 
is used by relating these variables directly proportional to one another. As an 
example, days in the aquifer will be proportional to a few microseconds on an oscillo- 
graph screen connected to the analog model. It will be possible by this relationship 
to determine what will occur after very long periods of pumping in an aquifer by 
analyzing an equivalent electrical model over periods of time consisting of very small 
fractions of a second. 

The model is constructed on these analogies by a network of many junctions 
similar to the single junction shown in figure 2. The electrical resistors are made 
proportional to the hydraulic resistance of the rock in directions parallel to the 
three coordinate axes. The directions of the axes are chosen the same for the models. 
The networks are chosen to represent in scale some small element of the aquifer, 
the center of an element of the aquifer being represented by the center of a junction 
of a resistor network. An electrical capacitor proportional to the hydraulic storage 
coefficient is connected from this junction to ground. 

A generalization of equations (11) and (15) permits accounting for variations 
of hydraulic permeability by varying the electrical resistance. A similar analysis 
can be made for the storage coefficient. Thus, the aquifer’s hydraulic characteristics 
may be mapped in model form in three dimensions. Figure 3 shows the construction 
of an electrical model in two dimensions. The model, when completed, contains 
in scale a physical description of our relating function. This is another concept in 
engineering mapping, a dynamically useful one. 


Fig. 3 — Photograph showing construction of an electrical model in two dimensions. 


4. SOLUTIONS OF ANALYTIC PROBLEMS USING THE ANALOG MODEL 
The Construction of a model completes the physical description of the pertinent 
partial differential equations. The internal state of the aquifer is described and there- 


fore the interpolation function is known. The problem now is to add in the boundary 
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conditions and derive the necessary data. The boundary-condition problem is one 
of describing an electrical current flow system into and out of the model that is 
geometrically similar and quantitatively proportional to the hydraulic flow system. 

The geometric relationships must be mapped to a scale that forms similar confi- 
gurations between the actual aquifer and the model. The simplest possible relationship 
is one where the space occupied by the electrical model and the space occupied by the 
hydraulic map are in direct proportion. Once the space relationship is chosen, it is then 
necessary to convert the electrical units of the model materials so that they will 
proportionally relate resistance to flow and storage capability in the analogous 
regions. This can be accomplished through the use of equations (11) and (15). With 
these relationships the geometry of the boundary conditions may be easily mapped. 

The quantitative relationship between coulombs of electrical current and cubic 
units of hydraulic flow will be determined in the time relationship of equations (11) 
and (15). With these proportions known it will be possible to determine directly the 
quantities of electrical current that must be put into the model so that space, time, 
quantity, and head will appear with a known figure of proportionality. 

When the quantities of electrical current to be removed or added to the model 
are calculated it will then be necessary to construct electronic equipment capable 
of applying the electrical force in the proper time phase. This aspect of the problem 
is one of electronic technique rather than a problem for the hydrologist. The 
techniques are described in various technical publications on the subject (Korn and 
Korn, 1952; Wass, 1955). As the boundary conditions are imposed upon the model 
the voltage will fluctuate with time in proportion to the hydraulic-head fluctuation 
in the actual aquifer. The measurement of these heads will be explained in the next 
section of this paper. 

The types of boundary conditions that can be imposed upon the model are 
extremely varied and cover almost any possibility that may be observed in nature 
These boundary conditions may be such factors as well discharge and recharge, 
river-stage changes, recharge from rainfall, tidal fluctuations, and almost any other 
conceivable condition. These can be made to vary over very long periods of time 
in the terms of the actual aquifer. These long periods of time in the case of the actual 
aquifer occur in periods of fractions of a second for the model. Thus, the time factor 
can be reduced so that many conditions may be tried, each answer being available 
almost instantly. 

The time amplification is not the only feature of interest to the engineer. In 
addition, the potential change is described over the whole region. Thus electrical 
potential and the hydraulic potential are described everywhere in the aquifer space 
and for all future times that may be desired. The solution to the problem, therefore, 
is extremely general. There remains only the problem of removing quantitative data 
from the model in a form usable to the layman as well as to the hydrologist. This is 
done by the use of the oscilloscope. By a moving beam of light on its face, the oscillo- 
scope indicates the change in electrical potential at its input terminals as a function 
of time. The time is in terms of microseconds. 


5. PRESENTATION OF DATA TAKEN FROM THE ANALOG COMPUTER 


The oscilloscope is connected to the model at all points where it is desired to 
determine the changes in water level with time. Each point to which the oscilloscope 
is connected furnishes a moving beam of light across a screen. The screen may be 
very accurately calibrated in terms of voltage vertically and time horizontally. If a 
camera is triggered at the same instant of the movement of the light beam a picture 
will result in the form of a graph. This is shown in figure 4 in the upper left illustration. 
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Fig. 4 — Chart showing functional arrangement of a ground-water system. 


This picture is from an oscilloscope camera. The camera and oscilloscope have been 
electronically triggered so that the left side of the picture represents zero time for 
our test period. Similarly, the zero level of potential may be arbitrarily chosen. The 
photographic graph will be directly proportional to a hydrograph that would be 
taken in the aquifer for future time. The constant of proportionality determined by 
equations (11) and (15) can convert these data into the hydrograph that is shown 
in the upper right of figure 4. This constitutes a prediction of the water levels at one 
point in the aquifer. Many such points of information throughout the space occupied 
by the aquifer can be determined. Figure 5 shows an analog computer in operation. 

The hydrographs determined from the oscilloscope may be arranged as a 
catalog of hydrographs, with a map showing the location of each one. Such a catalog 
and map comprise a complete analysis of the expected water-level data due to a 
given stress put on the aquifer. Similarly, the data could be converted into a series 
of contour maps, as shown in the lower left of figure 4. Each of these would represent 
the whole region for one point in time at some future date. 

The data have now been presented in terms of an effect due to a course of action 
proposed by the community. The relation has been determined as a function of the 
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Fig. 5 — Photograph showing a computer installation in operation on model shown 
in figure 3. 


geologic controls on the water system. This is the desired result; many such manmade 
causes could be tested. Thus the community has available all of the information the 
hydrologist can compile in a form that is readily evaluated. The relative merits of 
various modes of water development can then be analyzed. The applications to legal 
and engineering problems are self-evident. 


6. FUTURE DEVELOPMENTS IN COMPUTER WORK 


The most obvious need in computer studies is additional descriptive information 
on aquifers. The development of geologic and engineering methods to describe 
aquifers more adequately in a quantitative sense will aid in the development of com- 
puter methods. Conversely, one of the greatest aids in the evaluation of our field 
problems will be the computer sections. Here the problems of what physically des- 
cribes the hydrologic systems must be faced squarely. Qualitative description in 
abstract terms will no longer suffice. 

The development of computer techniques to describe almost any conceivable 
hydrologic system is already theoretically feasible. In some cases the costs are so 
great as to prohibit such studies. The research work in this field is largely an attempt 
to reduce the cost of model construction and simplify the electronic linkages necessary 


to describe boundary conditions. 
Free surfaces can be described. However, in complex intermixed systems where 
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fluids are changing in density and viscosity the models are extremely complex and 
have only been considered in a theoretical sense. More work should be done in this 
field. é 
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APPORT DES METHODES HYDROGEOLOGIQUES 
A L’INTERPRETATION GEOLOGIQUE DES TERRAINS 


Calcul de la Transmissivité, du niveau piézométrique primitif 
et vérification de l’extension de la nappe par une nouvelle méthode 


P. POUCHAN 


RESUME 


C’est une nouvelle étude de la remontée du niveau de l’eau di 
; ans un forage apré 
cessation de pompage, tenant compte des études de Theis et de Houpeurt. oe he 


SUMMARY 


It’s a new study of the recovery method of pumping test in a boreh ini 
Theis’s and Houpeurt’s methods. a Gre sate 


Il est habituel en hydrogéologie d’utiliser la méthode de Theis pour étudier la 
remontée du niveau de l’eau dans un puits ou forage. Cependant l’application de 
cette méthode implique la connaissance du temps pendant lequel on a pompé dans 
l’ouvrage. On construit en effet un graphique du rabattement résiduel Aves. en fonc- 


t 
tion de log —. 
t 


t étant le temps compté depuis le début du pompage et 7’, le temps compté 
depuis l’arrét du pompage. 

Il est cependant intéressant de pouvoir profiter d’un arrét de pompage dans un 
ouvrage en service contenu (arrét provoqué par exemple pour une révision du dispo- 
sitif de pompage) afin d’en retirer le plus de renseignements possibles pour 1’étude 
de la nappe. 

La méthode que nous exposons ci-dessous, est susceptible de nous apporter 
des renseignements concernant la transmissivité de Vaquifére, le niveau piézométrique 
primitif et le cas échéant l’extension de la nappe, sans connaitre pour autant le temps 
réel depuis que le forage débite, 4 condition toutefois qu’il débite depuis assez 
longtemps. Nous utiliserons pour cela les travaux de Theis (1939) et de Houpeurt 


(1958). 


ETUDE DE LA REMONTEE DU NIVEAU D’EAU DANS UN PUITS OU FORAGE, DANS LE CAS 
D’UNE NAPPE DE TRES GRANDE EXTENSION 


Nous prendrons : 


t;: temps pendant lequel le puits a débité (considéré comme inconnu) 
t’: temps compté depuis l’arrét du pompage 
P,: pression avant l’arrét 
P: pression a un instant t’ de la remontée 
Po: pression de la nappe au repos. 
On se souviendra que P = y H + p atm. 
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t', 


On pourra écrire l’instant de l’arrét du pompage 


peices Sarge Satin S (1) (Jacob, 1946) 
— = (e) acob, 

"i ia Agia ge one 

étant le débit pompé, 

le rayon effectif du puits, 

la transmissivité, 

le coefficient d’emmagasinement. 


ASS © 


Nous avons d’autre part : 


iy eee aie (2) (Theis, 1935) 
40T 


Retranchant (2) de (1) 


Ppa O 2,25 Tt ti + ¢’ 
—_— = ——] loge ———— — lo 
Late eS wifi 
eee QO ‘ PMG AS bs $44 tit. (3) 
== = —-] loge ———— Co) 
5 4nT = rs = hy+ tr’ 


Au début de la remontée, c’est-a-dire pour les valeurs de rt’ faibles relativement 
at, ’équation (3) peut s’écrire : 


_ 2,30 PIR SM OM 


Se (4) 


12) Py Oo 
4T rs 


Cette équation représente le début de la remontée dans le puits quelles que soient 
les conditions aux limites. 
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REPRESENTATION GRAPHIQUE : 


Un graphique P — log ¢’ donnera au départ une droite pour les petites valeurs 


de ¢’, puis la courbe tendra asymptotiquement vers une horizontale menée par le 
point d’ordonnée Po. 


METHODE PRATIQUE D’APPLICATION : 


On construira un graphique P — log ¢’ ou un graphique Ayes, — log ¢’. 

— P représentant les pressions ou les hauteurs d’eau comptées depuis le niveau 
au moment de l’arrét. 

— Ares. représentant la différence entre le niveau piézométrique avant pompage 
(lorsqu’il est connu) et le niveau a un instant de la remonteée. 

—?’ étant le temps compté depuis l’arrét du pompage. 


CALCUL DE LA TRANSMISSIVITE T : 


On pourra déduire la transmissivité T de la pente de la partie rectiligne de la 
courbe, correspondant au début de la remonteée : 


0,183 


aks ih ieee 
a(S) fates 

1 { 1 Pn) = =D J 

d(log ¢’) = et 0 = 0 


Pour un cycle log , 


dou 


DEUXIEME APPLICATION : CALCUL DE Po 


L’intersection M du prolongement de la partie rectiligne de la courbe 
P— log t’, avec Vhorizontale menée par Vordonnée Po définit un point d’abcisse 
égal a ft, si la nappe est pratiquement infinie. L’intercept M N correspondant a 
Po — P pour @’, peut se calculer a l’aide de l’équation (2) : 


2,30 h+t 
lo 


= MN= g 3 
suey 47 T f 
Comme t = Tal 
23 
MN = g log 2 
470 
MN = 0,054 = (5) 
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Ainsi : 

a) Si l’on connait le temps ti de pompage, on pourra calculer Po c’est-a-dire le 
niveau piézométrique primitif. Po sera donné par l’ordonnée du point M, intersec- — 
tion de la verticale d’abcisse ty = f1, et du prolongement de la partie rectiligne repré- 


sentant le début de la remontée. a 
b) Si l'on ne connait pas le temps ty de pompage, on pourra déduire Po de 
intercept M N construit en menant une paralléle a la portion rectiligne de la courbe, 


cette paralléle étant décalée d’une grandeur d’ordonnée égale 4 0,054 g. 
c) Si l’on connait Po on pourra vérifier que la nappe est pratiquement infinie 


en construisant l’intercept M WN et en vérifiant quae M N= 0,05 —. 
T 
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STRATIGRAPHIC AND STRUCTURAL GUIDES 
TO THE DEVELOPMENT OF WATER WELLS AND 
WELL FIELDS IN A LIMESTONE TERRANE 


P.E. LAMOUREAUX and W.J. POWELL 


SUMMARY 


Many rural homeowners, municipal waterworks engineers. and industrialists 
faced with the development ef ground water in limestone terranes have sought infor- 
mation, only to be advised that most ground water in limestone occurs in solution 
cavities, generally solutionally enlarged openings along bedding and joint planes 
below the water table; and that the development of ground water in a limestone 
area requires test drilling until enough of these openings are penetrated to supply an 
adequate amount of water to the well. Though helpful, these facts do not solve the 
water developer’s problems, which are: Where is the best area to drill ? How deep 
should the well or wells be drilled? What is the best way to develop the wells and at 
what rate can they be pumped on a continuing basis ? What is the probability of 
interference with wells and springs nearby? What is the distance from the proposed 
well site and to the recharge and discharge areas of the limestone aquifer ? What 
precautions should be taken to insure development of water of satisfactory quality safe 
from contamination? 

The hydrologist has many tools at his command, related to accepted basic prin- 
ciples of occurrence of water in limestone, which will help answer these problems. 
Quantitative methods, such as pumping tests applied locally to a few wells or springs, 
often give erroneous impressions because of the complex and variable character of 
the openings in limestone. When studied on a regional basis such methods may give 
more reliable results. 

This paper outlines some of these methods but emphasizes the relation of regional 
stratigraphic and structural controls to the occurrence of water in limestone terranes, and 
how knowledge of these relationships will aid in the selection of areas for drilling 
successful water wells. 

The paper is based on a study in Madison County, Ala., an area of about 803 
square miles. The area was chosen because it is representative of geohydrologic 
conditions in gently dipping massively bedded limestone, characteristic of much of 
the Tennessee Valley area and many other regions of the world. 

The area studied in detail is covered by 7!4-minute topographic quadrangle maps. 
The data used in this study include records of about 6,200 springs, water wells, and 
oil-test wells; electric logs of more than 300 wells; deep-well current-meter studies 
of at least 50 wells; samples and cores from more than 60,000 feet of test drilling ; 
results of about 300 pumping tests; and analyses of water from more than 400 wells 
and springs. The occurrence, availability, and quality of ground water were related 
to several aspects of topography, geologic structure, and stratigraphy, to the thickness 
of soil, to the annual water-table highs and lows for a 10 year period, and to the loca- 
tion and alinement of wells and springs. 


RESUME 


Beaucoup de propriétaires de maisons de campagne, d’ingénieurs de service 
municipal des eaux et d’industriels placés face a la nécessité de développer des eaux 
souterraines dans un terrain calcaire ont cherché du secours et des informations avec 
le seul résultat qu’on dit que la nappe aquifére dans un calcaire se trouve dans des 
cavités de dissolution, des ouvertures, des couches et des joints, et que le développement 


des eaux souterraines dans les calcaires exige des perforations d’essal jusqu’a ce 
qu’on pénétre dans une ou plusieurs de ces ouvertures qui founira une quantité 
suffisante d’eau au puits. Quoiqu’utile, ces faits ne solutionnent pas les problemes du 
chercheur d’eaux, qui sont : Ou est le meilleur endroit pour la perforation ? Jusqu’a 
quelle profondeur faut-il enfoncer le puits ? Quelle facon de développer les puits est 
la meilleure et a quelle vitesse peut-on extraire eau continuellement ? Quelle est la 
probabilité d’interférence avec des puits et sources voisins 2? Quelle est la distance de 
[endroit du puits proposé aux champs de recharge et de décharge de l’aquifére cal- 
caire ? Quelles précautions faut-il prendre pour assurer le développement d’eau 


d’une qualité suffisante a l’abri de la pollution ? 
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L’hydrologue a beaucoup de méthodes de recherches, liées a des principes fonda- 
mentaux généralement acceptés sur la venue de |’eau dans les calcaires, qui aideront 
a répondre a ces questions. Des méthodes quantitatives, commes le essais de pom- 
page appliqués localement a un nombre limité de puits ou sources, donnent souvent 
des impressions fausses par suite du caractére compliqué et variable des ouvertures 
dans les calcaires. Ces méthodes peuvent donner des résultats plus dignes de foi quand 
on les étudie sur une base régionale. . 

Cette contribution expose a grands traits quelques-unes de ces méthodes mais 
souligne les relations entre la structure et la stratigraphie regionales et la venue de l’eau 
en terrains calcaires, et comment la connaissance de ces relations aidera avec succes 
dans la sélection des endroits pour perforer des puits. 

Cette contribution est basée sur une étude dans Madison County, Alabama, 
une région d’une étendue d’environ 803 milles carrés. On a choisi cette région parce 
qu’elle est représentative des conditions hydrogéologiques dans des couches de cal- 
caires avec des pendages faibles qui sont caractéristiques d’une grande partie de la 
Vallée du Tennessee et de beaucoup d’autres régions du monde. 

La région étudiée en détail est couverte de cartes topographiques de 714 minutes. 
Les données utilisées dans cette contribution comprennent des données d’environ 
6,200 sources, puits d’eau, et puits d’essai de pétrole, les données de sondage élec- 
trique de plus de 300 puits, prélevements et noyaux de plus de 56,000 pieds de per- 
forations d’essai, les résultats d’environ 300 essais de pompage, et analyses d’eau 
de plus de 400 puits et sources. 

La venue, la disponibilité et la qualité de l’eau souterraine furent comparées a 
plusieurs aspects de la topographie, de la structure géologique et la stratigraphie, 
l’épaisseur du sol, les maxima et minima du niveau piézométrique annuel durant une 
période de dix ans, et la situation et l’alignement des puits et sources. 


1. INTRODUCTION 


Up to a few centuries ago man’s needs for water were supplied mainly from 
streams and springs. As populations expanded, man moved farther from surface 
sources of water, first developing shallow dug wells; then, guided by his practical 
experience about the water-bearing character of rocks, he dug and later drilled deeper 
and deeper wells. The ancient Egyptians and Romans more than 3,000 years ago 
learned that a well bored deeper into the sandstone beds beneath the oases of the 
Libyan Desert would flow fresh water; and at about the same time the Persians 
learned that by tunneling, or digging inclined wells known as kanats, into alluvial 
deposits, they could get large quantities of water. Remnants of the work of these 
early explorers for water are historic monuments of early ground-water specialists. 

Though man continued to accumulate practical experience in relating kinds 
of rocks and topographic conditions to water, it was not until late in the 19th century 
that geology and hydrology as sciences were combined and a new science **hydro- 
geology’’, or ’’geohydrology’’, was born, directed to supplying information that 
will aid development of ground water to meet the needs of rapidly expanding world 
population and the associated industrial and agricultural growth. In the past 50 
years much has been accomplished on qualitative and quantitative problems in 
ground water. The greatest success with quantitative methods has resulted from 
their application to water-bearing beds that are relatively uniform in thickness, extent, 
porosity, and permeability as, for example, some types of alluvial and glacial deposits; 


the younger, more uniformly porous limestones; and the massive, gently dipping 


sand and gravel beds in the coastal plains. 

The effort of the ground-water hydrologist to apply the same quantitative 
methods to massive beds of limestone and igneous and metamorphic rocks hat not 
been so Successful ; in fact, on the contrary, the results on occasion have been extremely 
misleading. As a result, the rural homeowner, farmer, municipal waterworks engineer, 
and industrialist, faced with the need to develop ground water in a limestone terrane, 
have sought helpful information, only to be advised that ground water in limestone 
Occurs in solution cavities, mainly solutionally enlarged openings along bedding 
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Fig. 1 — Generalized geologic map of the northern part of Alabama. 


and joint planes below the water table, and that the development of ground water 
in a limestone area requires test drilling until enough of these openings are penetrated 
to supply an adequate amount of water to the well. Though helpful, these facts do 
not solve the water deyeloper’s problems, which are: Where is the best area to drill? 
How deep should the well or wells be drilled? What is the best way to develop the 
wells and at what rate can they be pumped on a continuing basis? What is the pro- 
bability of interference with wells and springs nearby? What is the distance from 
the proposed well site to the recharge and discharge areas of the limestone aquifer? 
What precautions should be taken to insure development of water of satisfactory 
quality safe from contamination? 

Large areas in the United States and the rest of the world are underlain by 
massive limestone beds. Many of these areas are already heavily populated, and 
industrialized or farmed intensively. The need for much additional knowledge 
about ground water in these areas is recognized, and, in the United States, substantial 
effort has been directed in several cooperatively financed Federal-State ground- 
water investigations toward study of these problems. This paper is based on a 
detailed study in Madison County, Ala., financed through cooperation between the 
Geological Survey of Alabama, the City of Huntsville, and Madison County and 
the U.S. Geological Survey, Madison County, shown in figure 1, is an area 
representative of hydrogeologic conditions in gently dipping massively bedded lime- 
stone characteristic of much of the Tennessee Valley area and many other regions 
of the world. 


2. METHODS APPLIED 


The hydrologist has many tools at his command which will help answer the 
problems facing those developing water in a limestone terrane. This paper lists some 
of these methods, but it emphasizes the relation of regional stratigraphic and 
structural controls to the occurrence of water in limestone and how knowledge of 
these relationships will aid in the selection of areas for drilling successful water wells 
and will guide the application of quantitative study of ground water in such areas. 

Data for this report were collected in an area of about 800 square miles selected 
because of the availability of information on geology, topography, surface and ground 
water, climate, and cultural development. The area is covered by 714-minute topo- 
graphic quadrangle maps, and records are available on more than 6,200 springs, 
water wells, and oil test wells; electric logs of more than 300 wells; deep-well current- 
meter studies of at least 50 wells; samples and cores from more than 60,000 feet 
of test drilling; results of about 300 pumping tests; and chemical analyses of water 
from more than 400 wells and springs. The occurrence, availability, and quality of 
ground water were related to topography, climate, surface drainage, occurrence 
of caves and types of cave life, geologic structure, stratigraphy, soil development, 
trends of chemical and bacterial quality of water, fluctuations of water levels in wells 


and in the region as a whole (periodically prepared water-level maps), and alinement 
of wells and springs. 


3. PHYSICAL SETTING OF MADISON COUNTY 


Madison County, Ala., lies partly in the Cumberland Plateau section of the 
Appalachian Plateau and partly in the Highland Rim section of the Interior Low 
Plateaus. Dissection of the Cumberland Plateau in the county is well advanced, 
and the tablelike summits—remnants of the Old Cumberland upland capped by 
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the Pottsville formation—occupy but a small part of the area. Monte Sano, east 
of Huntsville, rises about 1,000 feet above the lowland and is probably the best known 
of these remnants. It extends 16 miles north of the Tennessee River and the main 
escarpment or front of the Cumberland Plateau. The predominant topography 
throughout the county, in the Highland Rim section, is that of broad, rolling hills 
ranging in altitude from 600 to 800 feet above sea level. It is this lowland area, with 
its excellent farmland and a rapidly expanding urban population, that was chosen 
for this study. 

From Huntsville southward to the Tennessee River this lowland is underlain 
by massive beds of Mississippian limestone, the upper beds of which have weathered 
in most places to a rich reddish-brown residual soil. As a result of this deep-soil 
development the limestone crops out in very few places but can be seen at Huntsville, 
Byrd, and Brahan Springs, and in the area adjacent to Monte Sano and along the 
lower slopes of the other remnants of the Plateau. 
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Figure 2-Lithologic and electric. log of test well 37, 
Madison County, Ala. 


Fig. 2 — Lithologic and electric log of test well 37, Madison County; Ala. 
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Drainage in the area is entirely southward to the Tennessee River. Streams, 
draining the area include, from west to east, Indian Creek, Huntsville Spring Creek, 
Aldridge Creek, and the Flint River. : 

The rock formations exposed in Madison County range in age from Ordovician 
to Recent. These beds are overlain along the streams by alluvial deposits. The regional 
dip of the bedrock formations is to the south-southeast at the rate of 20 feet per mile, 
except where local structural abnormalities exist. The uppermost bedrock consists 
mainly of sandstone, shale, and limestone of Pennsylvanian age in the remnants of 
the Plateau; and limestone, chert, and shale pricipally of Mississippian age in the 
lowland area. (fig. 1, 2). 


4. BASIC HYDROLOGY OF HUNTSVILLE AREA 


Solution of calcareous rocks is most active immediately above or within the 
zone in which the water table fluctuates, where there is relatively rapid circulation of 
slightly acidic water. The extension of openings in limestone is less active at depth below 
the water table because water moves more slowly and acids in the water become 
progressively neutralized as the water moves downward in contact with the limestone. 

In the Huntsville area there is little surface runoff because water drains down 
through the soil and into the sinkholes and subterranean passages of the porous 
limestone. This subterranean drainage system in the limestone is somewhat com- 
parable to and subject to some of the same laws of flow and base level as those that 
govern surface streams. The base level to which subterranean streams are graded 
in any given area is regulated by the major surface drainage—the Tennessee River 
in the area of this study—and the water table becomes adjusted to the profiles of 
these underground channels. Where the land surface intersects a solution cavity 
below the water table, springs occur and there is a close relationship between 
precipitation and the rate of flow of the spring. Likewise, there is an intimate rela- 
tionship between surface runoff and spring discharge. In the southward movement 
of water in the Huntsville area, water may flow into the ground to become spring 
discharge at a point slightly lower on the gradient where a saturated solution cavity 
crops out. Also, withdrawal of water from a test well drilled into a solution channel 
or fracture system at an elevation lower than the point of discharge of a spring 
will affect the spring flow according to the position of the penetrated cavity with 
respect to structure of rocks and its location in the network of solution and fracture 
opening. 

The massive limestone and chert beds in the Fort Payne, Tuscumbia, and 
Ste. Genevieve formations beneath the lowland are extensively fractured and cut 
by solution cavities and are the most productive water-bearing beds in the area. 
Long-continued studies of the flow of the large springs issuing from the Tuscumbia 
limestone show that the flow from the largest of these springs in the area, Big Spring 
at Huntsville, Ala., varies from about 2,000,000 gpd (gallons per day) during October 
to about 20,000,000 gpd during January. In the Huntsville area many wells will 
supply half a million gallons per day or more from solution cavities in these beds. 

Ground water in the area is recharged by infiltration of precipitation and 
streamflow. The average precipitation in the area is about 50 inches per year. It is 
estimated that the average annual recharge is about 540,000 gallons per day per 
square mile in this part of the Tennessee Valley (Malmberg, 1957). Ground water 
is discharged by evaporation and transpiration in areas of shallow water table, by 
seepage and spring flow into the surface streams, and by withdrawal of water from 
wells and springs. Withdrawal of ground water from wells and springs in the Huntsville 
area was estimated to average about 7,000,000 gpd in 1958. 
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In general, the water from limestone beds in Madison County is of good quality 


and contains relatively small amounts of sulfate, chloride, and fluoride. The water 
is hard, however, generally having a hardness of 100 to 200 ppm (parts per million), 
but is only moderately mineralized, containing 500 ppm or less of dissolved solids. 


5. STRATIGRAPHIC AND STRUCTURAL CONTROL OF THE OCCURRENCE, MOVEMENT, AND 


Fig 


QUANTITY OF GROUND WATER IN A LIMESTONE TERRANE IN THE HUNTSVILLE AREA 


Water from precipitation enters the soil and percolates downward into and 
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through the fractures and solution cavities in the limestone to the water table. In 
the Huntsville area the downward movement of water in the limestone is arrested 
by the relatively impermeable underlying Chattanooga shale. The general mass 
movement of water in the limestone is to the south and southeast, under the control 
of gravity and the direction of the regional dip of beds in the area. 

Modifying the regional structure of the rocks are many minor folds and some 
minor faults. The influence of regional as well as minor structure on the movement 
of water is very evident from a comparison of the water-level map (fig. 3) with the 
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structure map (fig. 4). The influence of structure on the availability of water in the 
area can be observed also by noting on fig. 4 that all the big springs (Huntsville, 
Merrimack, Byrd, Harris, and Blue Springs) discharge along synclinal axes, and 
that all the wells of large discharge in the area are along or near synclinal axes. 
The influence of structure on recharge, storage, and movement of water in 
limestone can be further noted by comparing the hydrographs for observation wells 
at different points in a hydrologic basin in the limestone. In the recharge area water 
levels in wells fluctuate rapidly in response to recharge from precipitation or with- 
drawals of water from the limestone. These same responses are progressively dampened 
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toward the center of the basin in the structurally and phreatically low areas (fig. 5), 
as shown in the hydrographs of wells. 1 

In extensive pumping tests in the area it has been shown that water levels in 
wells in two different minor structural lows may respond independently in the upper 
reaches of the troughs (pumping may affect water levelS\in one but not the other) 
during early stages of withdrawal; however, eventually the impact on the entire 
system will be felt downgradient if the withdrawal is continued long enough. 

From these examples it is clear that the regional as well as the local stratigraphic 
and structural controls must be understood before the availability of ground water 
in a limestone terrane can be studied quantitatively. 


6. REGIONAL HYDROLOGIC ANALYSIS IN A LIMESTONE TERRANE 


The contour lines on the map in figure 3 were constructed from water-level 
measurements made in April 1956. The imaginary surface represented by these 
contour lines is referred to as the *’piezometric surface’’, and the position of the 
contour lines shows the direction of movement of water during a period when ground- 
water levels were high. The water moves from piezometric highs toward lows, in the 
direction of the steepest gradient. Implied movement is at right angles to the con- 
tours, and the general movement of water in the Huntsville area is to the south in 
the direction of the regional dip except where diverted for short distances in water- 
level troughs over the geologic structural troughs. 

The need to approach quantitative studies in limestone terranes on a regional 
basis is further illustrated by the analysis of results from several pumping tests. For 
example, during a 5-day period while 4,900 (gallons per minute) was being pumped 
from well N-51, data on water levels and spring discharges were collected from wells 
and springs over an area of about 36 square miles. The influence of geologic structure 
and the complex pattern of fractures and solution cavities transmitting the water 
may be seen by noting in figure 6 that the water level in the pumped well was drawn 
down about 7 feet; in wells N-40, N-50 close to the pumped well there was a sharp 
decline in water level in response to pumping; in wells CT-7, CT-3, and CT-2, spaced 
in nearly a triangular pattern around the pumped well, there was little or no specific 
response to pumping; yet, at similar distances, wells CT-1, CT-5, and CT-6 show 
definite response to pumping; and at Huntsville Spring, at a point down the struc- 
tural and water-table slope from and farther away than any of the observation wells, 
there was a reduction in spring discharge of about 3,000 gpm. 

Though not illustrated in this report, the piezometric maps for the area during 
periods of low water level, generally in November, show a substantial cone of depres- 
sion in the vicinity of the production wells used for the city water supply. During 
periods of piezometric high, however, the withdrawal effects are dampened just as 
are the effects from recharge by rainfall. During these periods of high water level 
the channels carrying water are saturated all the way back to the recharge area, and 
rejection of recharge may occur. The aquifer dring this period is under artesian 
conditions and in some areas wells would flow (table I). During periods of low water 
level the channels are only partly full, and the water in channels, at least in the area 
immediately downslope from the recharge area, is moving much as it would in an 
open-channel. Withdrawal of water from and recharge of water to the aquifer during 
this period cause sharp responses in water level. There is also a correlative change 
in quality of water between the two periods. Therefore quantitative hydrologic studies 
applied to limestone terranes must recognize not only the influence of structural 


and stratigraphic conditions but also the stage of the annual water-level cycle during 
which a test is planned. 
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In table 1 are listed coefficients of storage and transmissibility obtained from 
pumping tests on wells in the Huntsville area. The wide range in these values deter- 
mined for the pumped and the observation wells with respect to recharge and storage 
factors, should be expected, as these wells penetrate at different locations, the conduits 
carrying water in the limestone. These conduits range in size from minute openings 
to very large caverns. It is therefore imperative that the regional development and 


trend of the openings be understood. 
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TABLE I 


Results of pumping tests on wells developed in limestone of the Fort Payne chert 


SS 


Limb of Coefficient of Coefficient 
ue wet hydrograph transmissibility of storage 
io in eeeteven analyzed (gpd/ft) (dimensionless) 

CT-18 CT-18 Drawdown 6,100 
CT-18 Recovery 4,800 6, LEY 
CT-22 Drawdown 5,100 B40 | ce 
CT-22 Recovery 5,400 3.0% 10 

N-51 N-48 Drawdown 540,000 2.9 x 10-2 
N-49 do. 550,000 4.0 x 10-2 
N-50 do. 550,000 6.3 x 10-2 
N-S1 do. 650,000 sare x6 

CT-8 CT-7 Drawdown 40,000 4.5 x AOT 
CI-7 Recovery 40,000 Ney aa WP 
CT-8 Drawdown 7,800 
CT-8 Recovery 5,700 es 

Q-19 CT-10 Drawdown 9,300 1.9 x 10-2 
Q-79 do. 28,000 

N-48 N-48 Drawdown 86,000 SP re 
N-49 do. 1,400,000 (ie tab cey I be 
N-50 do. 1,000,000 Go Oe tOsS 


From Malmberg, 1957 p. 89 


RRR 


7. CONCLUSION 


In 1948 the city of Huntsville had to make a decision whether to spend about 
$ 214 million for a pipeline to the Tennessee River and a filter plant, or to attempt 
the study and development of ground water in a limestone terrane. The city officials 
recognized that the city was growing rapidly and the minimum yield of 3,000,000 gpd 
available from Huntsville Spring was inadequate to meet the expected growth. 
Huntsville has since experienced an expansion of the area within the city limits from 
3.9 square miles in 1950 to 51 square miles in 1959, and a population growth from 
16,437 inhabitants in 1950 to an estimated 60,000 in 1958. 

Test drilling, test pumping, definition of surface geology and subsurface structure, 
mapping of soil thickness, and correlation of the withdrawal of ground water with 
piezometric maps prepared during periods of high and low water levels were the 
basis for locating and developing a well field in a limestone terrane capable of 
producing 14,000,000 gpd at a fraction of the cost of the proposed surface supply. 

Structural maps were used to guide drilling of new wells along axis of syncline 
and to predetermine their depths; isopach maps of soil thickness and piezometric 
maps guided the location and construction of wells to insure maximum safety from 
contamination from industrial and organic waste; and piezometric maps and results 
of test pumping were used to determine direction of movement of water and to 
locate production wells that would not interfere with existing sources of supply, 
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and observation wells to monitor hydrologic conditions in the region of well develop- 
ment. 
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DU POMPAGE DANS LES NAPPES AQUIFERES 
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Ing. JAN LORENZ 
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RESUME 


Pendant les épreuves de pompage effectuées dans les nappes aquiféres a surface 
libre on doit distinguer dans le débit pompé «Q» entre la contribution de l’eau évacuée 
du cone de dépression et la contribution fournie par le courant d’eau souterraine, 
suivant |’équation : 

dVn 


«Q» étant le débit pompé constamment, «p» la porosité effective du sol, dVn la variation 
des volumes géométriques des espaces dans la dépression, «g» le débit du courant d’eau 
souterraine correspondant 2 une étendue du courant d’eau souterraine d’un métre, 
«L» Vétendue du courant d’eau souterraine atteinte par la dépression. 

La différenciation graphique de la courbe des variations des espaces délivrés 
de l’eau dans la dépression indiquela part composante de l’eau accumulée et le complé- 
ment au débit pompé la part composante du courant d’eau souterraine (des précipi- 
tations infiltrées), si les volumes des espaces dans la dépression sont englobés par 
la porosité effective. Si la porosité effective n’est pas connue et la courbe des volumes 
caractérise leurs dimensions géométriques, on résout plusieurs équations obtenues 
pour différentes phases du pompage, on obtient les deux inconnues «p» et «q» et aussi 
les composantes susmentionnées. 

En supposant, que le quotient du débit du courant d’eau souterraine pour la 
méme dépression est identique pendant le pompage aussi bien qu’aprés son arrét, 
on obtient par la différentiation des courbes des volumes pour les mémes dépressions 
dans la phase de pompage et dans la phase de remplissage du céne de dépression, 
les composantes susmentionnées du débit pompé direct, si les courbes caractérisent 
les volumes de la dépression en porosité effective, ou leurs équivalents, si le courbes 
caractérisent les volumes géométriques. 

Le traité est complété d’un graphique démontrant le procédé de 1|’évaluation. 


THESE : 


La nappe aquifére destinée a l’alimentation en eau ne peut étre utilisée qu’aux 
limites du débit fourni par le courant d’eau souterraine ou par les précipitations 
infiltrées ou, enfin, par ces deux recharges simultanément. Le but d’un pompage 
d’essai est de déterminer cette composante effective de la nappe aquifére. 


La pratique suivie jusqu’a présent dans le domaine de l’évaluation des résultats 
du pompage dans une nappe aquifére a surface libre ne profite pas de la possibilité 
offerte par la distinction entre les composantes dans le débit pompé qui proviennent, 
dune part, des provisions accumulées dans les terrains et évacuées de la dépression 
causée par le pompage et, d’autre part, du débit du courant d’eau souterraine qui 
vient du territoire amont. En supposant que la porosité effective dans la dépression 
s’évacue enti¢rement par le pompage en méme temps que le niveau d’eau abaisse 
et que le débit du courant d’eau souterraine affluent dans la dépression correspond 
a l’étendue de la dépression atteinte mesurée perpendiculairement sur le courant 
d’eau souterraine, le débit pompé suit alors V’équation : 


dVn 


(G) == 
r dt 


+ qLn. 
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Dans cette équation «Q» (L3 T-!) étant le débit pompé constamment, «p» 
dVn 


(sans dimension) la porosité effective du terrain aquifére, « » (L3 T~4) la 


variation des volumes géométriques des espaces dans la déprossiont «gq» (18 T7) 
le débit spécifique du courant d’eau souterraine pour l’étendue d’un métre, «L» 
(L) V’étendue de l’évacuation correspondante a la dépression. 

On peut exprimer la progression du pompage graphiquement dans un systéme 
des coordonnées rectangulaires par la courbe de sommation des débits pompés et 
par la courbe des volumes des espaces dans la dépression, oti les abscisses indiquent 
les temps de pompage, les ordonnées indiquent les débits pompés ainsi que les 
volumes des espaces dans la dépression. L’expression analytique de ce proces est 
exprimée par |’équation : 


t t 
Qs=pf dvn+af Inds 
0 0 


Si nous connaissons la porosité effective des terrains de la nappe aquifére et 
si nous tracons directement la courbe des espaces dans la porosité délivrée de l’eau, 
cette courbe représente la courbe de sommation de l’eau évacuée du cone de dépres- 
sion, et la différence entre cette courbe et la courbe de sommation des débits pompés 
par le puits représente les recharges provenantes du courant d’eau souterraine affluent 
dans la dépression. Dans ce cas on peut facilement déterminer, par la différenciation 
graphique pour plusieurs phases du pompage, les débits instantanés du courant 
d’eau souterraine affluent dans la dépression, ceux-ci étant les compléments évacués 
de la dépression du débit pompé du puits. 

Il est évident qu’en cas d’un bassin d’eau souterraine sans affluents (précipitations 
infiltrées) les deux courbes-droites coincident, s*identifient. Par contre, dans le cou- 
rant d’eau souterraine (dans un bassin nourri par les précipitations infiltrées) la courbe, 
des volumes des espaces évacués dans la dépression va toujours de plus en plus déviant 
de la courbe de sommation des débits pompés jusqu’elle en atteignant a |’état station- 
naire, devient paralléle avec l’axe des abscisses-l’axe des temps de pompage. 

Le probléme serait ainsi résolu. Dans ce cas il suffirait de déterminer, par la 
différenciation graphique pour plusieurs phases de pompage, des quotients évacués 
du cone de dépression et leurs compléments du débit pompé et de s’assurer par un 
contréle, de quelle maniére ceux-ci correspondent aux étendues de dépression, ainsi 
que de déterminer le débit du courant d’eau souterraine pour n’importe quelles 
dépressions correspondantes au régime existant au temps du pompage. 

Le débit spécifique du courant d’eau souterraine correspond 4a l’équation : 

dVn 
Oy! 7 


= eect eeu) 
q iz 


dans laquelle, excepté les valeurs déja citées, «k» (L T-1) indique la perméabilité 
relative ou le coefficient de Darcy, «H» (L) l’épaisseur moyenne de la nappe aqui- 
fére et «J» (sans dimensions) la pente naturelle de la surface libre de la nappe avant 
le pompage. On peut ainsi déterminer le coefficient «k», étant donné que toutes 
les autres valeurs peuvent étre constatées par les mesurements. 


q Ses aie wy 
Le coefficient de la filtration k = A ainsi déterminé a un avantage dans ce 


qu’il signifie la valeur moyenne pour l’espace entier de la dépression et c’est pourquoi 
on peut s’en servir, dans les mémes conditions, pour les autres calculs. 


Si on ne peut pas déterminer avec stireté la porosité effective du sol dans la 
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nappe aquifére, on trace la courbe des volumes des espaces dans la dépression dans 
leurs dimensions géométriques. Dans ce cas on n’obtient pas, par la différenciation 
graphique, les vrais volumes des recharges de la dépression, mais seuls leurs équi- 
valents. Pour transformer ceux-ci en vraies valeurs des recharges évacuées de la 
dépression, il faut déterminer la porosité effective par un calcul. 


C’est possible en résolvant |’équation 


dV n 


dt 


Q=p + qLn, 
ou les valeurs inconnues sont «k» et «q». 


Vn 
On trouve celles-ci en déterminant les valeurs « 


» par la différentiation 


graphique de la courbe des volumes des espaces dans la dépression pour plusieurs 


phases du pompage; celles-ci appliquées avec les valeurs respectives de Ly, donnent 
dV, 
un nombre plus que suffisant des équations : Q = p — + qn pour le calcul 
t 
des valeurs «p» et «gq» et, en méme temps, pour l’évaluation finale des résultats du 
pompage. 

Le calcul est expliqué par le graphique démontrant le procédé du pompage 
construit artificiellement pour le puits parfait dans une nappe aquifére a surface 
libre, déclinée sous la pente J = 0,0192, son épaisseur moyenne étant H = 8,15 m, 
la porosité effective p = 0,3, la perméabilité du sol k = 0,00046 m/sec. La courbe 
des volumes des espaces évacués dans la dépression suit l’équation : 


Ln + Ln_1 
OAt =(Vn — Vn_1)p + aii: ti 
Il n’est pas nécessaire d’expliquer la méthode de cette construction, parce qu’elle 
n’est qu’un expédient subsidiaire utilisé au défaut des résultats et des mesurements 
de la dépression en espace et dans le temps déterminés directement qui, démontre- 
raient les variations réelles de la dépression en espace et dans le temps. 


A Vaide de ce graphique, on peut démontrer, comment il faut procéder dans le 
cas ol on ne connait pas la porosité effective, mais ot on peut construire le 
graphique des variations géométriques des volumes de dépression dans le temps sui- 
vant le mesurement de la surface libre dans la dépression. 


Dans ce cas, on construit les secteurs de la courbe des volumes géométriques 
dans la dépression pour les phases du pompage correspondantes a la troisiéme, 
sixiéme, neuviéme et douziéme heure terminée et, par la différenciation graphique, 
on obtient a l’échelle des débits les abscisses; celles-ci multipliées par la porosité 
effective «p», donneraient les équivalents des débits évacués du céne de dépression. 
Les composantes du courant d’eau souterraine pour les mémes temps correspondent 
au débit spécifique gq = HIkJ multiplié par l’étendue L, de la dépression atteinte. 


Toutefois, les valeurs de la porosité effective «p» et du débit spécifique «g» sont 
Inconnues. On les détermine ainsi : 


Les valeurs « apt » mesurées pour les quatre cas susmentionnés ainsi que les 


In correspondants, appliquées dans l’équation 
dVn 


G Saingy 


p+ Lnq 
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donnent les équations numériques : 


5,32 = 8,40 p + 38,74 

5,32 = 6,05 p + 48,7 q 

5,32 = 4,30 p + 56,2 q 

5,32 = 3,35 p + 59,0 ¢ 
tout en I/sec. 


En résolvant ces équations, on obtient la porosité effective p = 0,304 et le débit 
spécifique g = 0,072 l/sec, et ceux-ci, appliqués dans les équations précédentes : 


oy 278 <= 5,33 
1,84 + 3,51 = 5,35 
1,31 + 4,04 = 5,35 
1,02 + 4,24 = 5,26 


tout en I/sec. 


donnent les résultats dans les limites 5,26-5,35 1/sec qui s’accordent presque parfai- 
tement avec le débit pompé QO = 5,32 I/sec. 
La porosité effective «<p» pour la dépression atteinte, le débit spécifique du cou- 


rant d’eau souterraine «gq» ainsi que le coefficient de l’infiltration k = see auxquels 
H 


nous sommes arrivés par ce procédé, constituent les caractéristiques hydrauliques 
décisives pour la nappe aquifére quant a leurs valeurs moyennes qui se rapportent 
a l’espace entier atteint par la dépression. 
En outre du calcul qui vient d’étre expliqué, il existe un autre moyen de procéder 
probablement plus sir, qu’on peut employer, en méme temps, a faciliter le contrdle, 
A ce but, on détermine et construit graphiquement la courbe de la diminution 


des volumes des espaces évacués dans la dépression aprés l’arrét du pompage. Alors 
dVn 


dt 
affluent dans le céne de dépression, or, on peut supposer que celui-ci est a chaque 


instant équivalent a 1’étendue de la dépression qui existe en ce moment. 


les variations des volumes « 


p» indique le débit du courant d’eau souterraine 


On peut sans doute admettre que le débit du courant d’eau souterraine affluent 
dans la dépression est essentiellement le méme pendant le remplissage de la dépres- 
sion aprés l’arrét du pompage qu’il a été pendant son développement en temps du 
pompage, c’est-a-dire, qu’il n’est déterminé que par |’étendue du courant d’eau 
souterraine qui vient d’étre atteinte par la dépression. C’est une supposition qui 
correspond a l’écoulement a potentiel des vitesses, une supposition qui a servi, 
d’ailleurs, de point départ 4 Porchet pour la détermination du coefficient de la fil- 
tration «k». 

On obtient alors, par la différenciation graphique de la courbe ainsi tracée, les 
valeurs équivalentes 4 l’affluent de l’eau souterraine dans la dépression pour ses 
étendues qui viennent d’étre atteintes. 

Si l’on trace cette courbe en continuant et complétant la courbe des volumes 
des espaces dans la dépression effectuée pendant le pompage, on obtient, par la 
différenciation graphique des deux courbes en sortant des pdles 4 une distance iden- 
tique mais situés aux cdtés opposés; a) pour la courbe suivante le développement 
de la dépression pendant le pompage, —les équivalents du débit évacué dela dépression 
et, b) pour la courbe suivante la diminution de la dépression pendant son remplis- 
sage — les équivalents du débit fourni par le courant d’eau souterraine. Ces deux 
équivalents sommés donnent la valeur équivalente au débit pompé. Il suffit alors 
4 sommer ces deux équivalents pour la méme dépression et, considérant que leur 
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somme est égale au débit pompé, a diviser celle-ci conformément au rapport des 
équivalents en composante évacuée de la dépression et en celle fournie par le courant 
d’eau souterraine. 

En plus, on peut exécuter la différenciation graphique de la courbe des volumes 
dans la dépression pendant le pompage, et tracer, au point final de |’équivalent du 
débit évacué de la dépression, une paralléle avec tangente a la courbe des volumes 
dans la dépression suivant son remplissage apres l’arrét du pompage, la dépression 
restant dans les deux cas la méme. Cette paralléle coupe la ligne verticale élevée 
au pole dans le point qui, projeté sur l’échelle des débit, détermine, par sa distance 
du pdle, l’équivalent du débit pompé total. La division suivante de cet équivalent 
entre la composante évacuée de la dépression et la composante fournie par le courant 
d’eau souterraine se fait de la méme maniére que dans le cas précédant. 


Ce procédé, si l’on l’exécute pour plusieures phases du pompage, donne plu- 
sieurs équivalents des composantes et de leurs sommes dont concordance ou discor- 
dance démontre le degré d’exactitude avec lequel les composantes de la dépression 
et du courant d’eau souterraine du débit pompé ont été déterminées. Parce que cha- 
que étendue du courant d’eau souterraine contribuant au débit pompé est proportion- 
nelle 4 une certaine dépression, on peut facilement contréler, si les recharges du 
courant d’eau souterraine sont proportionnelles aux étendues du courant d’eau 
souterraine atteinte par la dépression et vérifier en méme temps, l’exactitude de 
l’évaluation globale. 


Si la différence entre la perméabilité et la porosité effective de la nappe aquifére 
n’est pas excessive et si on réussit 4 déterminer sirement les volumes des espaces dans 
la dépression pendant le pompage et pendant leur remplissage aprés l’arrét du pom- 
page, on peut supposer que les composantes du débit pompé déterminées par l’éva- 
luation qui vient d’étre indiquée correspondraient réciproquement et qu’elles seraient 
une base sire pour I’évaluation des résultats du pompage sous le régime de la nappe 
aquifére existant au temps du pompage. 


Ce procédé d’évaluer les résultats du pompage d’essai nous facilite, laissent 
du cété la possibilité de distinguer sirement dans le débit pompé, la composante 
évacuée de la dépression et la composante fournie par le courant d’eau souterraine, 
de résoudre avec beaucoup plus de précision les caractéristiques hydrauliques des 
nappes aquiféres a surface libre ayent rapport a la perméabilité et la porosité effective, 
que ne le permettent les méthodes employées jusqu’a présent. Mémes les valeurs 
moyennes caractérisent les terrains plus étendus ont une importance assez grande, 
parce que, par ce proces, on peut connaitre les caractéristiques hydrauliques réelles 
d’une nappe aquifére, ou méme le processus de I’écoulement de l’eau souterraine 
pendant le pompage. Ces caractéristiques sans distinguer dans le débit pompé la 
composante provenante de la dépression et la composante provenante du courant 
d’eau souterraine ne sont pas déterminables sans difficulté, ou bien ne le sont pas 
du tout. 

Ce procédé de l’évaluation graphique prend point de départ des valeurs constatées 
directement avec une exactitude qui est au moins aussi exacte que celle de toutes les 
autres méthodes employées jusqu’a présent. II attribue aux valeurs appliquées dans 
le calcul leur portée physique réelle. Ainsi, on n’emploie l’abaissement du niveau 
d’eau que pour le calcul des volumes des espaces dans la dépression, sans avoir égard 
a son importance éventuelle comme facteur hydraulique. Tl est bien connu que les 
niveaux réels dans les verticaux ne correspondent pas aux hauteurs établies d’aprés 
’équation de Dupuit-Thiem ni aux hauteurs piezométriques valables pour 1’écou- 
lement de l’eau tout prés du fond imperméable de la nappe aquifére. 

Cependant on peut supposer, que les connaissances gagnées ainsi par le procédé 
d’évaluation graphique des résultats du pompage d’essai du puits parfait dans la 


380 


ke débit en m3 
3 Ps 3 & 


s 


Yooakis 


S 


s 


ry 


L’évaluation graphique 

du pompage dans /a nappe 

a ccs hore. that ‘fa courbe de sommalion 
des debils pompes 


106'$3 mt 


la differentiation graphique fahp (a courbe du developpe- 
a) suivani fe développement ment de la depression 
de la déppession. 4) suivan! |’evacuation Gt-tglaat fa courbe du remplis - 
de ef /e remplissage za sage de la depression 
de la depression | ; 
=. Soa i @ fe debit pompe 
ate p la recharge de la de- 
oa pression 
GLn la recharge du couran! 
d'eau souleraine 


WH ie i ad fa Weed CANE? Sb Fda, 


f - 
f je’ lamps aa remplissage de la depression 
je temps de /'éracuation - le développement de la depression 


nappe aquifére au bassin ou au courant d’eau souterraine peuvent faciliter l’expli- 
cation des caractéristiques différentes de l’hydraulique souterraine, comme cela était 
déja dit, avec une exactitude plus grande que celle dont on s’est contenté jusqu’ici. 

Vues les avantages que ce procédé d’évaluation semble présenter, |’hydraulique 
souterraine devrait vérifier son applicabilité, en utilisant les résultats du pompage 
d’essai qui seraient acquis dans une nappe aquifére 4 surface libre dans des condi- 
tions favorables et qui seraient capables de démontrer d’une maniére stire le déve- 
loppement des volumes de la dépression pendant le pompage et leur diminution 
apres son arrét. 
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DETERMINATION AND REPRESENTATION OF 
CHARACTERISTIC DATA FOR GROUNDWATER 


HOUSEHOLD 
~ 
K. UBELL 
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Hungary. 


SUMMARY 


The final purpose of the geohydrological research can be defined in determining 
the quantitative characteristics of the natural ground-water balance and the real 
movement values of ground-water. In determining thereof we are promoted by 
ia found between the factor affecting ground-water fluctuations and the measure 
thereof. 

In this paper we make known an examination method in order to determine 
three factors, namely the ground-water replenishment due to precipitation, the sources 
increase coming from the ground-water inflow, and the underflow causing decreases 
in the ground-water storage. Our investigation method is based on ground-water 
observations and on the changes of the observed ground-water sources. On the basis 
of this method the characteristics of ground-water household of the winter half 
year can be determined, namely for observation wells one by one. Detail computations 
having been made, the results can be summarized for profiles, for parts of the ter- 
ritory and finally for the whole drainage area. 


As far as methods of ground-water investigations and cartographic represen- 
tation of the ground-water conditions are concerned, two tendencies completing 
one another and being in close connection can be distinguished [3, 6, 7, 8, 9, 11, 13), 

First of these the strictly taken hydrogeological cartography has developped 
by means of which we have the possibility to determine and to represent the occurence 
and nature of water-bearing formations on the basis of geological characteristics 
from a static point of view. 

According to the requirements it proves the most important task to establish 
and represent the available ground-water resources that may be obtained. The urgent 
practical problems have made necessary to apply approaching solutions. Accor- 
dingly, hydrogeological maps contain in general estimated data relating to the 
exploitable water quantity, in the most cases they bring but the water-obtain pos- 
sibilities to be expected [4, 6, 7, 9, 12], On the basis of water yield capacity of oper- 
ating wells the following moderate formulation is often used [9]: 

« Water quantity which can be obtained according to experience from wells 
made by the generally used building-method, in the case of a moderate drawdown». 

The requirements of the modern water economics and the water pretensions 
growing better and better demand a more precise determination. The static hydro- 
geological view in itself cannot be considered sufficient. The final purpose of the 
research can be defined in determining the quantitative values of the natural ground- 
water household and the real movement values of ground-water. Cartographical 
r epresentation of the movements and that of the quantitative characteristics of ground- 
water—as it was previously emphasized by Sitte [13], Grahmann [®7], Churinoy [3] 
and others—require a switch over the dynamical, geohydrological view. On the basis 
of the dynamical view, the origin of ground-water, its fluctuation and flow, as well 
as the causes thereof are investigated by means of hydrologic, hydraulic and water 
household methods, by the aid of physical laws, while making an effort to represent 
the characteristics of the natural water household (or those of the already disturbed 
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one). This method completes the hydrogeological maps containing static charac- 
teristics by the quantitative characteristics of the geohydrological conditions. As a 
consequence of these, for the cartographical representation of ground-water con- 
ditions a series of maps is necessary, the first group of which is formed by hydro- 
geological maps including static data and the second one by geohydrological maps 
showing the quantitative characteristics of water household and their changes. 

The above outlined picture is to be regarded for the present but as a program 
of the future. A greater progress may be experienced in the field of hydrogeological 
cartography, where also the formation of unified representation methods can 
already be mentioned. This fact is to be taken for natural, as the establishment of 
static conditions signifies the first step for solving the problem. 

The development of methods of geohydrological cartography including the 
dynamical characteristics has been prohibited till now by a lot of circumstances. 
Among these it is the most important fact that laws (regularities) of the changes of 
ground-water sources are not known enough. 

The principal characteristics of the efforts up to the present, the purpose of 
which is to establish the changes of ground-water sources, can be summarized as 
follows: 

Our aim is to determine the amount of the permanent replenished ground- 
waters as height in mm or as yield in 1/s. km2, neglecting the complete water cir- 
culation. 

In some opinions pumping tests seem to be the most reliable methods [4]. For 
evaluating the results of pumping tests, in Europe the equilibrium methods (Dupuit, 
Thiem), in the U.S.A. the non-equilibrium ones (Theis, Jacob) are generally applied. 
Concerning this opinion we refer to the fact [+*] that the methods of well hydraulics 
do not furnish unanimous results even for the technical parameters and at the same 
time endeavours to judge water replenishment merely on the basis of well-hydraulic 
data seem to be rather forced. 

The other group of the methods relating hereto is formed by hydrologic and 
water household conclusions. 

Among these one of the endeavours is to define ground-water replenishment 
by means of lysimeter results or by computed evaporation values. 

According to another view it should be taken for the principal task to divide 
runoff into two parts, namly into surface flow and underflow and to establish in this 
way the long term average characteristic of a certain drainage area. This opinion 
is represented for example by the procedure of Schroeder and Natermann. This offers 
a rather useful information in some cases, particularly concerning smaller drainage 
areas, but it cannot be considered a method of general validity [4 6» 7, 12], 

The geohydrological cartography of the future should give more results, than 
the present content of hydrogeological maps showing estimated data for the pos- 
sibilities of ground-water draw-off. The knowledge of ground-water household is 
important not only from the point of view of water supply. The formulation, which 
takes for an only task to establish the « ground-water resources» available from the 
water-supply point of view i.e. the permanent productive ground-water resources 
seems to be somewhat forced. 

The natural ground-water household is in equilibrium, which will be disturbed 
by every draw-off. Replenishment periodically appearing is utilized even without 
water output. The solution of the problem will be obtained by determining the 
complete household or at least the most important factors thereof. 

The water balance of a closed drainage area may be characterized by the fol- 


lowing hydrologic equation: 


Precipitation (P) = Evapo-transpiration (E) + Runoff (R)...--- (1) 
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For this equation we can make an attempt to divide runoff into two components, 
namely into surface flow (Fs) and underflow (Fyw). 


P=E-+ Fs + Fow.s..... @) 
~ 


However, this hydrologic procedure cannot be applied everywhere [!?], and 
Equation 2. is not to be considered of universal validity [4]. On those fields, where 
it may be applied, the underflow gives a long period average of ground-water reple- 
nishment relating to the whole drainage area. This quantity can be continuously 
produced, as a matter of fact, at the expense of the low-water discharge of the rivers. 

The distribution of the underflow is not uniform. Besides the average value 
determined for the whole area, the regional distribution ought to be known as well. 
The generally known hydrologic methods, however, do not give answer to this 
question. 

However, determination of periodical replenishment of ground-water by means 
of the underflow has no successful application everywhere. On flat-land areas, in 
particular where potential evaporation is far more considerable, than precipitation, 
the under-ground flow is often insignificant. Apart from this, ground-water house- 
hold is rather complex, and the effect of the factors inducing both ground-water 
replenishment and decrease varies in parts of the area. 

On the basis of these facts it seems to be indispensable that such procedures 
should be searched for, which can be used in a more satisfactory way for determining 
changes of the ground-water sources and are everywhere available. The methods 
of solution may be quite various and it is to be expected that methods making pos- 
sible geohydrological cartography will be formed on the basis of innumerable detail 
results. 

Further, we wish to make known an examination method developed in Hungary. 
This process relates to the free ground-water. The above mentioned hydrologic 
procedures are characterized by the fact that they are just not based on what they 
want to establish. These are indirect methods, but none of them take into account 
the observable changes of ground-water sources. 

The basis of our examination is formed by the observed ground-water fluctuations. 


In determining the quantitative characteristics we are promoted by relations found 


between the factors affecting ground-water fluctuations and the measure thereof. 
In the case of a more detailed examination our ambition is to solve the fol- 
lowing hydrologic equation: 


P + Igw = E+ Fs + Fow + Ss + Sgw + Sm hel ena 3 (3) 

where: 

P = precipitation 

TIgw = ground-water inflow 

E = evapo-transpiration 

Fs; = surface flow 

Fow = underflow (Fs + Fy» = Runoff) 

Ss = surface storage 

Sgw = ground-water storage 

Sm = moisture storage (in root and intermediate zone). 


From among these factors the precipitation surface storage (in winter as snow 
and ice), surface flow and ground-water fluctuation (Ah) can be measured in a direct 
way. From this latter ground-water storage can be computed by means of the effec- 
tive porosity (9). Concerning the measure of evaporation—in particular the long 
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term average—we are able to draw conclusions from lysimeter results and from 
empirical relations. 

For determining the quantitative values of the remaining factors we are yet in 
search of a solution. 

Our ivestigation method is based on ground-water observations and on the changes 
of the observed ground-water sources. By means of a qualitative analysis of the ground- 
water regime first of all we confine within limits the areas depending on whether 
ground-water takes place disturbed by surface water or not. 

For ground-waters not disturbed by surface waters we have sought after a 
connection between the change of ground-water stage and the factors having influence 
thereon on the basis of many kinds of relations (14:15:16], Among these relations it 
proved to be the most important that of the ground-water rise and of precipitation. 
By means of this relation we have succeeded in working out an approaching method 
in order to determine three factors, namely the ground-water replenishment due 
to precipitation, the sources increase coming from the ground-water inflow and the 
underflow causing decreases in the ground-water sources. Depending on which of 
the three factors comes into validity, three kinds of relations may by established. 


1. GROUND-WATER REPLENISHMENT DUE TO PRECIPITATION 


Infiltration due to precipitation, as well as evaporation have influence upon 
changes in ground-water storage nearly everywhere. The simplest ground-water 
household would be formed on areas where precipitation fallen on the spot can be 
considered as the nourishing factor exclusively and evaporation as the consuming 
one. 

On flat-land areas of Hungary the average yearly amount of precipitation 
mount up to 540-610 mm and yearly evaporation 500-550 mm. Average conditions 
are characterized by the fact that from the beginning of October till the end of April 
precipitation is more than evaporation and that in the summer half year a reverse 
situation appears. On these areas ground-water flow of side-direction is in most 
cases insignificant apart from infiltrations of local character, owing to the small 
gradient of the ground-water level. Under-flow extending over the whole drainage 
area does not appear in a uniformly perceivable manner. There are certain parts 
where surface flow is equal to zero [14] being therefore especially available for revealing 
fundamental regularities. On these areas a unanimous and close relation can be found. 
between the rise of ground-water stage and the precipitation due to this rise period, 
as well as between the drop thereof and precipitation belonging to this drop time. 

An example is demonstrated concerning this case in Fig. 1. Our examinations 
were carried out on the experimental station of the Research Institute for Water 
Resources situated on the sand-ridge between the Danube and Tisza [14]. The 
experimental field is characterized by the simplest ground-water household, the 
hydrologic equation of which is as follows: 


Pie Bite Se Sip ASa Na. 28. (4) 


The integrating curves expressing the 9 years average of the single water 
household factors have been shown on the left-side of the figure. In the middle part 
of the figure the relations between the ground-water drop and the precipitation 
amount of the summer period can be seen, while on the right those between the 
ground-water rise and precipitation of the winter period. 

For a detailed examination the period of the ground-water replenishment 
(winter halfyear) is especially suitable. Owing to the distribution of precipitation 
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Fig. 1 — The simplest ground-water household. 


and to the effect of other factors, the period of the yearly ground-water rise varies 


within tighter limits. In order to perform the investigations in all cases for possibly ; 
similar conditions concerning temperature, infiltration, evaporation etc. it is advi- 
sable to deal with the examination of the same period in every year. We examine, , 


in general, the winter half-year (1. XI.—30.IV.) or a period of seven months 
(1. XI.—31. V.). The straight line expressing the relation is characteristic for average 
conditions. The axis of ordinates is intersected by the compensating straight line, 
thus expressing how great the quantity of precipitation (-P) is, which does not cause 
a rise in the ground-water stage during the examined period. In view of the general 
case this amount of precipitation is equal to the sum of surface flow, evaporation, 
(evapo-transpiration) moisture content increase and interception. 

On our experimental area surface flow cannot be found, on account of which 
the value -P gives the sum of evaporation and moisture storage change on the illus- 
trated example. 

The relation between the ground-water rise and precipitation determined for 
the winter period shows a ground-water replenishment coming merely from preci- — 
pitation infiltration but in the case when the value 

Pertaining to our example, in the period from the 1th November till the 30%” 
April the average of evaporation has been 120 mm while the increase of moisture 
content 5 mm. If there is no surface flow, the difference between -P and evaporation 
expresses the moisture storage appearing in the cover-layer. This value is growing 
more and more with the depth of the ground-water level and so with the increase 
of the cover-layer thickness, while finally it follows in the case of a depth of 7-10 m 


-P is greater than evaporation. 
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that under the Hungarian climatical conditions precipitation increases only the 
moisture content of the cover-layer but it does not came down to the ground-water. 
Between water household of the ground-water and that of the cover-layer there 
exists a highly close connection [16]. 


If both surface flow and by chance interception come into validity, the diffe- 
rence will be even more considerable. The directional tangent of the compensating 
straight line (tgq@) gives the effective porosity (79) of the layer lying in the zone of 
water level fluctuations. 


By means of the above mentioned relation the value of the annual ground- 
water replenishment can be unequivocally determined. In our example (Fig. 1) the 
average yearly ground-water replenishment (1. XI—18.V.) amounts 132 mm, from 
which Sg» = 126mm falls to the winter half-year (1. XI.—30. IV.). 


In this case underflow does not arise from the replenishment due to precipi- 
tation. In the summer half-year summer precipitation and also a part of the ground- 
water storage are consumed by evaporation. The relation pertaining to the summer 
half-year shows unequivocally the measure of ground-water level drop to be depen- 
dent likewise upon precipitation. The less summer precipitation is, in the greater 
extent evaporation will exhaust ground-water storage produced during the winter 
half-year. 


In order to establish the value of under-flow, the knowledge of ground-water 
replenishment is not sufficient in itself. 


2. EXCESS-STORAGE RESULTING FROM GROUND-WATER INFLOW 
Besides demonstration of precipitation effect, the winter half-year relation is 


also suitable for determining storage resulting from ground-water inflow. On such 
parts of the area where the gradient of ground-water level suddenly drops off, in 
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addition to the infiltration due to precipitation also a storage resulting from ground- 
water inflow can be observed. The hydrologic equation relating hereto: 


P + Iqw = E+ Ss + Sgw + Sm eosewe (5) 


For this case an example is shown in Fig. 2. It can be recognized by means of 
the observation that the value -P cut out by the compensating straight line is quite 
small. The value of evaporation having been estimated or computed on the basis 
of empirical relations, the complete measured ground-water replenishment can be 
divided into two parts, one of these is due to precipitation and the other to ground- 
water inflow. On the illustrated example total ground-water replenishment of the 
winter half-year amounts 201 mm, out of which infiltrating precipitation (S'7) induces 
a storage of 121 mm and ground-water inflow (Jj) a storage of 80 nim. The compen- 
sating straight line expressing the clear precipitation replenishment has been 
represented by a dotted line. 

In this case ground-water storage is augmented by two factors in the winter 
period, but owing to the small gradient of the ground-water level underflow does 
not come into being, while the total storage is exhausted by evaporation in the summer 
half-year. 


3. UNDERFLOW CAUSING A DECREASE IN THE GROUND-WATER STORAGE 


In determining whether underflow comes into being or not from ground-water 
replenishment due to precipitation, we are furthered similarly by the winter half- 
year relation. In these cases an apparent relation may be determined between the 
precipitation amount of the winter half-year and the rise of ground-water stage. 
This case can be recognized from the fact that a very great virtual value (15 = 
0,30 — 0,60) is obtained for the effective porosity by means of the directional tangent 
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Fig. 3 — Underflow causing a decrease in the ground-water storage. 
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of the compensating straight line. Such a great effective porosity cannot be regarded 
as characteristic for water-bearing layers of natural site. On the basis of our experi- 
mental data the most probable value of the effective porosity falls between 0,15 — 0,25, 
thus its mean value can be characterized by a rate of 0,20. In these cases the compen- 
sating straight line expressing the relation is highly steep (Fig. 3.) From this fact 
the conclusion can be drawn that only a part of the precipitation infiltrated in the 
winter-half-year induces ground-water storage coming about on the spot, while 
the remaining share appears as underflow. The hydrologic equation pertaining to 
that case: 
P=E+ Fow + Ss + Sgw + Sm.....- (6) 


* 

In Hungarian territory relations liks that were to be found on areas where ground- 
water level possess a rather great gradient. In the example illustrated by Fig. 3 the 
observed rise of ground-water stage is very small (its average value is 23 cm). The 
virtual value of effective porosity may be taken for 0,50. Assuming the most 
probable effective porosity (0,20), it can be computed how great a ground-water 
rise ought to have appeared without underflow. This computed relation has been 
represented by a dotted line. By means of this method the following values have 
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Fig. 4 — The ground-water balance on a cross-section along the Danube. 
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been determined relating to the illustrated example. From precipitation a ground- 
water replenishment of 115 mm comes into being, as an average value (Sp). There- 
from a water quantity corresponding to 46 mm induces a rise of 23 cm in the ground- 
water stage, while a quantity corresponding to a water-column height of 69 mm 
comes to underflow (Fy). This is to be regarded as equal to a specific yield of 
4,42 l/s. km2. 


* . * 

The above mentioned relations are suitable for performing detail examinations 
in order to determine quantitative characteristics of the ground-water household 
pertaining to the winter half-year. At the moment we have not dealt with examination 
of the summer period. On the basis of this method the characteristics of the winter 
half-year can be determined, namely for observing wells one by one. Detail com- 
putations having been made, the results can be summarized for profiles, for parts 
of the territory and finally for the whole drainage area. Two examples are shown 
relating hereto. Fig. 4 includes a cross-section along the Danube where detailed 
examinations were carried on by means of 6 ground-water observation wells. In the 
upper part of the figure the soil stratification, the observation wells, as well as the 
mean, maximum and minimum ground-water stages are illustrated. In the lower 
‘part there are to be seen the average quantitative characteristics of the ground-water 
balance relating to the winter half-year. The observed ground-water storage has 
been indicated by a full line, while a dotted one represents the storage that should 
have arisen from the infiltration of precipitation. From the bank of the Danube as 
far as a distance of 1000 m an excess storage (+Jgw) can be found owing to the effect 
of the water percolating from the Danube. In the middle part of the section there 
is but precipitation that comes into validity, on farther parts an underflow appears 
at the same time (-Fyw). 

In determining ground-water household, difficulties are especially arising where 
more influencing factors come collectively into validity. From among our flat-land 
areas it is the «Kisalféld» where such a highly complex ground-water household 
can be found. (Fig.5). On Hungarian territory there lies only the southern part of 
the Kisalféld, the so called Gy6ér Basin. The northern part is situated on the territory 
of Czechoslovakia, the western part on that of Austria. This area is a mighty alluvial 
fan of the Danube River, a basin raised in particular by Pleistocen sandy gravel. 
The thickness of the gravel layer exceeds in certain parts even 200m. The com- 
plexity of the ground-water conditions is caused by the fact that the Danube River 
flows in an elevated bed and for that reason a continuous underflow takes place 
from the direction of the Danube. 

A precise examination can be accomplished but for the whole of Kisalféld, 
this being a geohydrologic unity. For the present we have performed only a detail 
investigation for the southern part lying on Hungarian territory. The results thereof 
can be summarized as follows. 

The average height of ground-water level, correspondingly the principal gradient- 
directions, as well as the extreme fluctuation of ground-water were represented by 
means of isometric lines in lev(ca oe 

First of all a qualitative analysis of the ground-water regime was made, in 


order to establish where the ground-water disturbed by surface waters takes place 
and where the not disturbed one. 


Owing to the elevated bed 
the effect of the Danube Ri 
Direct influence of the Dan 
Moson Danube Branch (Fi 


» as well as to the sandy gravel layer of great thickness, 
ver comes into validity in a relatively large distance. 
ube can be observed as far as the Lajta River and the 
g. 6) where as a consequence of alterations in the water 
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stages of the Danube quick changes of the ground-water storage occur. On the 
area in question a ground-water storage of about 50 to 80 million cu. m comes about 
at times of floods, due to the effect of the percolating water from the Danube. On 
the area south of the Lajta River and of the Moson Danube Branch a direct effect 
of the river cannot be observed. Concerning this area we have made efforts to deter- 
mine quantitative characteristics of the ground-water balance according to the above 
explained method, on the basis of examinations pertaining to the winter half-year. 
In Fig. 6 numerical values of the quantitative characteristics are shown for the single 
observation wells. Relating to each of the wells the replenishment due to infiltration 
of precipitation is introduced (mm). Where from this replenishment an underflow 
comes into being (—Fyw), the value thereof is shown, while on areas, of deep site the 
excess storage due to inflow can be seen (+Jjw). By means of examinations point 
by point, the following parts of area can be discerned, where: 

1. Changes in the ground-water storage are induced only by precipitation an 
evaporation, 

2. In addition to precipitation ground-water is also nourished by subsurface 
inflow, 

3. From the ground-water replenishment due to precipitation an underflow 
arises as well. 

Ground-water replenishment of the winter half year resulting from precipitation 
may be characterized by limit values of about 13 to 138 mm depending upon infil- 
tration possibilities and upon depth of the ground-water. 

Therefrom an underflow corresponding to a water quantity of 5 to 90mm 
arises, which signifies a specific underflow of 0,3 to 5,8 I/s, km?. 

These are quantitative characteristics due to precipitation. Besides, on the 
basis of the situation of ground-water table and on that of the ground-water level 
gradient there is to be assumed a percolation of almost permanent character from 
the direction of the Danube (Fig. 5). In the Danube even at times of mean and low 
waters water stands higher, than ground-water of the deeper territories. The most 
significant flow can be observed over the northwestern section, from the direction 
of the Danube. The Gyér Basin obtains a continuous ground-water replenishment 
from that section. According to our estimates a water quantity of 70,000 cu. m/day 
i.e. 25,600,000 cu. m/annum percolates through the above mentioned section 
towards the deeper areas. However, this may be taken but for an estimated value. 
There is a highly difficile task to determine percolating water quantity relating top 
larger areas. The gradient of water level and the coefficient of permeability being 
known, there can be computed but infiltration velocity. For computing the water 
quantity it is needed the flow cross-section as well. On the basis of many kinds of 
considerations it seems probable that in filled basins, where water-bearing layers 
attain a larger thickness (150 to 200 m), it is only the upper strip of this layer which 
takes part in the intensive water delivery owing to the natural small gradient of 
ground-water level. For explaining the problem we have carried out experiments. 
The place of the experimental measurements has been on the north-western part 
of the Kisalféld, near to Mosonmagyarovar. There is to be found here a coarse- 
grained sandy gravel. In course of our experiments the velocity of ground-water 
flow was measured in different depths below the ground-water level by means of 
fluorescence and by isotopes of iodine 131. The measured velocity distribution is 
shown in Fig. 7. During the experiment time the gradient of ground-water level 
varied between the limit values of J = 0,00041 to 0,00050. Near to the ground-water 
level a flow velocity ve =28 cm/hour was measured. At the same time with the 
growth of depth, velocity was quickly decreasing and in a distance of 25m below 
the ground-water level a flow to be practically observed was not experienced. The 
above expriment has furnished data for confirming the fact that in order to deter- 
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Fig. 7 — Vertical-velocity curve of ground-water flow. 


mine the streaming ground-water quantity, the most extensive circumspection and 
the solution of innumerable detail questions are still needed that reliable quantitave 
values may be established. 


* 
* * 


According to our knowledge up to the present there are a lot of requirements 
to be satisfied in order to determine the fundamental data of geohydrologic char- 
tography i.e. the quantitative characteristics of natural ground-water conditions. 
We have mentioned above some considerations and examples, by means of which 
certain detail questions can be cleared. 
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INFILTRATION DES 
EAUX SALINES 


SALINE INFILTRATION 


} 


THE COURSE OF THE DESALINISATION OF THE 
GROUNDWATER AFTER THE FEBRUARY 1953 FLOODING 
BY SEAWATER OF THE ’ORANJEZON”’ DUNE AREA, 
ISLE OF WALCHEREN, NETHERLANDS. 


IR J. DE JONG. 
Civil Engineer, Netherlands Government Institute for Water Supply, the Hague 


SUMMARY 


The municipal waterworks of the city of Middelburg take water from a relatively 
small body of fresh groundwater in a ridge of dunes along the northern coast of the 
isle of Walcheren. 

During an exceptionally heavy storm, the water catchment area was flooded by 
seawater. The salt water filled the open drainage canal, overflowed its banks, infil- 
trated into the aquifer and mixed with the fresh dune water. 

By rigorously draining the saline groundwater by means of the canal and pum- 
ping it into the sea, and further with the help of the rain, it turned out to be possible 
to desalt the aquifer again within seven years. The saline content of the water in the 
canal decreased from 14.000 ppm Ci’ to 400 ppm Cl’. 

In this paper the geo-hydrological conditions under whichthe withdrawal of 
fresh water normally takes place are described, as well as the measures taken after 
the inundation. 


1. INTRODUCTION 


The pumping station ,,Oranjezon”’ of the municipal waterworks of the city 
of Middelburg is situated in the about 700 m wide dune area in the North of the isle 
of Walcheren. (fig. 1 and 2). These dunes form the continuation of the large ridge 
of dunes which along the west-coast of the country constitute a natural defence 
against the sea. Behind this dune area low polders are situated at several meters 
below mean sea-level. 


Fig. 1 — General view of the ,,Oranjezon’’ dune area. 
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—————— 


' The dune area of Walcheren is of a recent geological age. Most of it did not yet 
exist in the 16th century, as is shown on old maps. While in the north-western part 
of the island large areas were swallowed up by the sea, on the northern coast sand- 
banks were formed, on which the recent dunes were deposited by the wind. As is 
shown in fig. 3 and 4, the underground below the young dune-sand consists of various 
coarse and fine marine sands and clay-layers, belonging to the holocene and young 
pleistocene ages. Clay is encountered in particular at a depth of N.A.P. (sea-level) 
and at 20-25 m -NAP. These clay horizons, however, are not continuous. 

The groundwater in this area is fresh above -- 40 m -NAP; below that level 
the chlorine content rises sharply to more than 1.000 ppm Cl’. To explain this typi- 
cally Dutch geo-hydrological situation of a dune area with low polders behind it, 
a schematic cross-section of the dune area is given in fig. 5. 
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Fig. 5 — Schematical cross-section of the aquifer. 


The low polder which forms the main part of the island and which is covered 
by marine clays, lies about 1.00 m below mean sea-level. This is the reason why 
there is an upward seepage of salt or brackish groundwater in this area. Only by 
draining the land by means of a relatively deep system of ditches it is possible to keep 
the upper few decimeters of soil fresh by rain water. 

In the higher dune area, on the other hand, rain water can infiltrate into the 
aquifer to build up and maintain a body of fresh water, resting on the deeper salt 
groundwater. So it is clear, that when the city of Middelburg looked for a place 
where to obtain fresh water for its water supply, it built its pumping station in that 
dune area in the north of the island, this being the only place where recovery of fresh 
groundwater is possible (apart from a thin ridge of small dunes along the western 


coast of Walcheren). 


2. HIsTORIC SURVEY OF THE WATERWORKS OF »?>ORANIJEZON . 


In 1891 the withdrawal of dune water started by abstraction from an under- 
ground drainage system of about 200 m length and about 4 m below ground surface. 

The purification of this water, which possessed a more than admissible content 
of iron and organic matter, gave some troubles in those days. Since the groundwater 
at about 10 m below surface, i.e. in the aquifer between the two clay horizons, 
indicated in fig. 5, turned out to be of much better quality, this way of water abstrac- 
tion was abandoned after a few years and a series of shallow wells of small capacity 


403 


were drilled. As the population of the city of Middelburg increased, the demand for 
fresh water increased as well and, as could be expected, the saline content of the well- 
water started to rise as a consequence of increased pumping. 


Fig. 6 a — Drainage canal before the catastrophe. 


Fig. 6 b — Drainage canal after the catastrophe filled with seawater. 


So new plans were made. The Government Institute for Water Supply was 
asked for advice. In 1919, after a careful investigation of the dune area, this Institute 
recommended the construction of an open canal of about 5.000 m length (see fig. 1, 
2 and 5). The capacity of this canal was estimated at about 880.000 cu m/year. It 
was expected that practically the whole dune area could be drained by this canal. 
In 1934 the construction of the canal was completed. Since the yield of the canal 
was not sufficient to meet the full demands of the city of Middelburg, a supplemen- 
tary quantity of drinking water had to be bought from a neighbouring water supply 
service, which draws its water from the continent. 


3. THE FEBRUARY 1953 FLOODS 


On the first of February 1953, the coast of the Netherlands was attacked by an 
exceptionally strong storm. In one night about 300.000 ha (750.000 acres) of the low 
south-western part of the country was flooded. The small outer ridge of dunes between 
the sea and the canal in the ,,Oranjezon’’ dunes also was broken through. The sea- 
water came in through the gap, filled the canal (see fig. 6b), overflowed its banks and 
inundated also a great many dune valleys; all areas below 3.58 m -+ NAP were 
flooded (fig. 2). Thus saline water infiltrated into the upper aquifer. After this cala- 
mity no fresh water could be obtained from the Oranjezon pumping station. Moreover 
the neighbouring water service, from which previously supplementary quantities 
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of water had been obtained, also had suffered heavy damage: its main supply line 
to Walcheren had been partly washed away. This meant that Middelburg was com- 
pletely devoid of a water supply. In the first days after the calamity, drinking water 
from Rotterdam was even brought to the island by tankers. 


Fig. 7 — Provisional repairs of one of the breaches in the dune ridge. 


Immediately after the breaches in the dunes had been provisionally repaired 
(fig. 7) and the Oranjezon dune area was accessible again, evacuation of the seawater 
from the canal started through channels at low tide. 

During investigations in the canal and in many observation wells it was found 
that a large body of salt water had infiltrated into the aquifer (the chlorine content 
of the dune water collected in the canal amounted to some 14.000 ppm. Cl). 

Only by pumping this saline water from the drainage canal by means of an 
evacuation pump, and further with the help of the rain, it was thought possible to 
desalt the aquifer again. As this process would take a long time (after ten months 
of pumping the chlorine content of the canal water remained at about 1.000 ppm.C1’) 
the water supply of Middelburg had to look out for a temporary other source of 
fresh water. 

This was found in the unspoild fresh water horizon enclosed between the two 
clay layers in the southern part of the dune area. 

Thanks to the protecting upper clay layer there was no danger of attracting 
brackish water from above. The only harm that had to be feared was that deeper 
salt groundwater might be attracted from below. There were reasons to hope, however, 
that this would not occur before the salinity of the shallow ground water would have 
decreased so far that water from the canal could again be used. Therefore 25 new 
wells were constructed, each with a capacity of 4 cu m/hour. 

In the mean time, after the pipelines had been repaired, also a larger quantity 
of water from the continent was distributed. 


4, MEASURES TAKEN WITH A VIEW TO DESALINISATION 


From the description of the geo-hydrological situation, as given above, it will 
be clear that the problem of desalinisation was a difficult one in this case. 

From the start it was evident, that the only way of solving the problem would 
consist in a rapid evacuation of the infiltrated water. On the other hand this could 
easily lead to a dangerous rise of the underlying deep saline groundwater. In that 
case all efforts would have been in vain. 
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These considerations led to a cautious pumping programme, too cautious as 
judged on the basis of present knowledge. 

The course of the desalinisation is shown in fig. 8. In 1953, during the first months 
after the calamity, a big amount of salt water was pumped from the canal. By this 
the chlorine content decreased from about 14.000 ppm Cl’ to about 1.000 ppm at 
the end of the year. This success unfortunately led to the too optimistic conclusion 
that the large scale ,,wasting’’ of canal water could now be stopped and that a further 
gradual improvement of the water quality could be obtained by abstraction of small 
quantities of water. So during 1954 the evacuation of brackish canal water was stopped, 
and the canal was used again for water supply purposes, although on a limited scale. 
The brackish water taken from the canal was mixed with the fresh water from the 
wells and the mixture, having a chlorine content of about 300 ppm Cl’, was distri- 
buted. In this way during the year 1954 only 30.000 cu m water was withdrawn from 
the canal. The chlorine content however, did not show any further decline but 
remained at about 1.000 ppm Cl’ during this year. So in 1955 the process of rigo- 
rous draining of the dune area was started anew. About 510.000 cu m water was 
pumped out of the canal that year. In this way a large amount of highly brackish 
water was removed from the aquifer. The chlorine content of the canal water conse- 
quently rose sharply to 2.000 ppm C1’. After that year it decreased regularly to about 
300 ppm in 1958, although the large scale drainage procedure was stopped in 1956. 
During the exceptionally dry year 1959 the chlorine content increased a little again. 
Yet it was decided to use the canal for water supply again on a full scale (i.e. a with- 
drawal of some 800.000 cu m/year), although it will be necessary to mix the canal 
water with water of a lower chlorine content. 

Thus, after seven years of trouble, the canal could be taken into full operation 
again. 

Recent investigations showed that the abstraction from the wells would have 
to be stopped as soon as possible, as the chlorine content in an observation well 
in the neighbourhood rose within one year from about 250 ppm Cl’ to some 3.500 
ppm. So the desalinisation of the upper water horizon was finished just in time. 


5. CONCLUSIONS 


If by some accident, a local contamination of ground-water has taken place, 
it is essential to avoid spreading of the contaminated water and to remove it as soon 
as possible by a rigorous pumping programme, even in an area where at first sight 
an excessive ground-water abstraction might lead to intrusion of other ground-water 
of undesirable quality. 

If the removal of the contamination is not carried out rigorously enough, the 
effects of it will be felt many years afterwards and the losses of good fresh ground-water 
will be the greater. 
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SALT WATER ENCROACHMENT IN THE 
COASTAL PLAIN OF ISRAEL 


M. JACOBS and S. SCHMORAK 


Hydrological Service, Israel — 


SUMMARY 


Whenever underground water resources are exploited in coastal aquifers, the 
fresh water—salt water interface moves upward and inland. An exact determination 
of the location of the interface and the controlling of its movement is an indispensable 
part of a rational exploitation programme. : 

An extensive exploitation of the underground water resources of the Plio-Pleisto- 
cene aquifer of the Coastal Plain of Israel is envisaged for the next years. j 

In order to obtain reliable data on the division of the aquifer into sub-aquifers, 
the potential and chemical composition of the water in each sub-aquifer, the exact 
location of the interface and the extension of the diffusion zone and the movement 
of the interface, a number of special (deep) interface observation wells have been 
drilled along the coast. In each bore-hole, a number of 2’’ pipes have been inserted, 
each of them provided with a filter of several metres length, reaching into a selected 
sub-aquifer and separated from the others by impermeable plugs. 

The lay-out is as follows: A first row of wells has been drilled very near the 
shore (distance from shore 20-375 m) and 6 kms apart; a second row of wells has 
also been drilled in a number of sections, mainly in the northern part of the coast 
(distance from shore 400-800 m). 

A field method and an adequate instrumentation have been developed for deter- 
mining the chemical composition of the water in situ and locating the interface with 
great precision (in case the latter is at the elevation of a perforated portion of one 
of the pipes). 

When, however, the interface happens to be between two filters and therefore 
cannot be measured directly, a method called «Fresh water potential/depth relation» 
is used. It permits to find by computation the location of the interface, provided both 
filters reach into the same sub-aquifer. In this case, the determination of depth of 
interface is less accurate than by direct measurement. 

Results of the investigations which started in 1958 are so far as follows: 

; 1. The position of the interface along the coast has been ascertained and marked 
in the hydro-geological section along the coast attached to this paper. In some wells 
the salt water encroachment takes place in 2 or 3 sub-aquifers simultaneously. 

2. The Badon-Ghijben - Herzberg ratio (h2/hy = 34.5 for the Mediterranean) 
holds good as long as the dynamic equilibrium is more or less undisturbed. 

3. In areas where heavy withdrawal of fresh water takes place, the ratio increases 
more and more as the movement of the interface is very sluggish and lags considerably 
behind the quick lowering of the potential of the fresh water. 

4. The diffusion zone has been found to be a few metres wide only as opposed 
to diffusion zones of tens of metres known on the Atlantic and Pacific Coasts. One 
of the reasons may be the small tidal fluctuations at the Mediterranean shore. 

_5. The upward movement of the interface has been observed so far in 4 out of 
26 interface wells and varies between 1-4 metres during the observation period of 
about 2 years, with a corresponding encroachment inland (see location map enclosed 
with the paper). 

6. By co-ordinating the petrographic qualities of the strata, the potential of the 
water and the tidal effects on it, the chemical composition of the water and the situation 


of the interface, it was possible to correlate the different sub-aquifers encountered in all 
the interface wells. 


1. INTRODUCTION 


In coastal aquifers which are in contact with the sea, the fresh underground 
water discharging into the sea is underlain by a body of salt water. As two fluids 
of different densities are involved, a boundary surface called interface is formed; 


its shape and movement are governed by a hydro-dynamic balance of fresh and salt 
water. 
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The equation describing the phenomenon is well known and has first been pro- 
mulgated independently by Badon Ghijben and Herzberg. (1) Thus for the Mediter- 
ranean Sea where the specific gravity g = 1.029 (seasonal mean near Israel coast), 
the depth to the interface hz = 34.5 x hy (Ay being the.fresh water elevation above 
the sea level). 

Whenever overdraft conditions exist e.g., an intensive exploitation of an aquifer 
is taking place, the water table is being lowered and the interface is moving upwards 
and inland, thus causing salt water intrusion. — Those conditions are known and 
have been studied in many countries such as Germany, the Netherlands, Japan, 
Florida, California, Italy, etc. (?) 

In Israel, where the Coastal Plain aquifer plays a dominant part in the country’s 
supply of fresh water, an investigation programme has been started in 1956 (first 
for a small area in the south (*). This programme has been extended in 1958 to most 
of Israel’s Coastal Belt in order to establish the conditions for a rational and controlled 
exploitation of the resources. 

The Coastal Plain Plio-Pleistocene aquifer consists mainly of sand and sandstone 
layers which have their greatest thickness (some 150 m) at the shore and which thin 
out near the eastern edge of the Plain. 

They are underlain by the nearly impermeable Saqia beds which dip in a wes- 
terly direction and form the base of the aquifer. Strata of clay, loam, loamy sand 
of different thickness are intercalated in the sandy strata, thus forming different 
sub-aquifers. 

As a consequence of intensified pumpage the interface will move inland until 
a new equilibrium position will be reached. Carefully planned and controlled exploi- 
tation may lead to utilisation of underground water resources which otherwise 
might have been lost. 

In addition to investigations performed on a Hele-Shaw model by «Water 
Planning for Israel Ltd», a number of special deep ~’interface observation wells” 
have been drilled along the coast with a view to obtaining information on the 
division of the aquifer into sub-aquifers, their lithology, the potential of the water 
occurring therein, its chemical composition and on the location and movement 
of the interface and its diffusion zone. 

This report deals with the interface problem and describes the present state 
of our knowledge as a result of a series of measurements and investigations performed 
in the last 2 years. 


2. NETWORK OF OBSERVATION WELLS 


In order to carry out the scheme as described above, 26 deep interface wells 
have been drilled till now and are in operation at present. 

The wells are located on sections at right angles to the Coast; the sections are 
6 kms apart (measured ina N-S direction). It is intended, that each such section 
should include two and, where necessary, three interface wells; the first one almost 
at the shore, another, a few hundred metres inland and the third still further inland, 


according to hydro-geological conditions and exploitation plans in the particular 
area. 


3h DESCRIPTION OF INTERFACE WELLS 


: These wells are equipped in the following manner: Into a large size bore-hole 
(16° - 24°) a number of 2” observation pipes are inserted, each of them provided 
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with a filter of several metres length reaching into a selected sub-aquifer (staggered 
strainers). Each filter is separated from the others by impermeable plugs in the annular 
space between the 2’’ pipes at those depths where the well log shows impermeable 
or semipervious layers. This enables measurement of the potentials and salinities 
of each sub-aquifer separately. The number of observation pipes in each well ranges 
from 1 to 6; most of the wells are also equipped with a 6’ pipe, which enables the 
installation of a float-operated water level recorder in a selected sub-aquifer. 
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A pneumatic water level recorder is at present under development at the Hydro- 
logical Service, which will enable the automatic recording of water level fluctuations 
also in 2”’ pipes. 


4. METHOD OF OBSERVATION 


During drilling, rock samples are taken, from which the lithological logs are 
drawn. Water samples are taken from different depths and analysed as to their 
Cl-content. After completion of the well, salinity logs in situ are being made 
in each separate pipe and water levels measured at the time of logging. In addition 
to these measurements, an automatic water level recorder installed in each 6’’ pipe 
gives a continuous record of the water level fluctuations. In the 2’’ pipes, measure- 
ments have so far been made with a steel tape once a month and presented as hydro- 
graphs. See fig. 2. 

The salinity log is a record of electrical resistance of the water in the pipe at 
different depths. As long as the electrical resistance remains more or less constant, 
a reading is taken every few metres. In the diffusion zone, however, in which the 
resistance changes rapidly, every few centimetres a measurement is made. The values 
of the measured resistance are translated into total solids expressed in ppm. 

The measurements are performed with the aid of an A.C. Wheatstone bridge, 
operated by dry batteries and a cell constructed specially for this purpose at the 
Workshop of the Hydrological Service. The cell consists of a pair of platinized nickel 
rods, contained in a plexiglas electrode sheath, with a water-tight connection between 
the amphenol cable of 160 m length and the electrodes of the cell in order to with- 
stand the high water pressure prevailing at depth. The water temperature is measured 
at different depths by means of a thermistor, the measured resistances are duly 
corrected according to the respective temperature. 


5. ACCURACY OF MEASUREMENTS 


The location of the interface could be determined with an accuracy of +10 cm 
in case the interface is inside a perforated part of one of the pipes. 


6. PRESENTATION OF RESULTS 


In the period between February 1958 and February 1960, the interface wells 
have been measured at regular intervals. The principal results are summarized in 
the attached tables and graphs. 


6.1. Salinity log 


The results of each salinity log are plotted on a diagram. See fig. 3. 

On each diagram are drawn from left to right: the chlorine profile during drilling 
according to laboratory analyses; lithological log; length of each pipe and position 
of its perforated part (filter) and the corresponding salinity log and water levels h1 
measured simultaneously. All elevations are relative to Mean Mediterranean Sea 
Level (Precise Levelling Datum). The salinity profile in a number of pipes shows 
a rather sudden increase of salinity over a distance of only a few metres from an 
initial low value until the salinity of sea water. The zone in which this increase takes 
place is called the diffusion zone. The centre of the diffusion zone where the increase in 
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Fig. 3. Legend see p. 417 


in salinity is most rapid has been called the depth of the interface and has been marked 
as he on the graphs and tables. In the last column of the table (pages 15, 16) the measured 


= 34.5 for Mediterranean Sea water 


ratio hg /hy is given. This ratio should be: 0.029 


with a specific gravity of 1.029 as per the Badon Ghijbén - Herzberg theory which 
holds good under dynamic conditions of laminar flow. In a number of pipes, a marked 
increase in salinity occurs in a closed section of the pipe, whereas the water in the 
filter is already completely saline. This must be interpreted as an interface somewhere 
above the filter. From the salinity log in this pipe alone, no conclusion can be drawn 
as to the exact location of the interface. In a number of wells, the interface seems to 
be somewhere between two consecutive filters and also in those cases the exact loca- 
tion cannot be determined from the salinity logs. The quoted depth of interface 
in the diagrams is then only estimated. In order to improve on the estimated depth 
of interface, a method as described in the next paragraph, has been worked out. 


6.2. Fresh Water Potential-Depth Relation 


In a homogeneous aquifer where the water has the same composition throughout 
and the flowlines are horizontal, the potential is independent of depth. When 
however, salinity increases with depth as e.g. in the case of fresh water flowing 
into the sea where the fresh water is undercut by salt water, the potential expressed 
as head of fresh water (called ’’Fresh water potential,, in the respective graphs) 
increases with depth, as soon as one enters the zone of salt water, according to the 
change in specific gravity. This is exactly the case in the above described interface 
wells. Therefore the fresh water potentials in those observation pipes where the 
filters are above the interface should be equal and the fresh water potentials in those 
pipes reaching into the diffusion zone or sea water should increase according to 
depth. Assuming that the fresh water above the interface has a specific gravity 1.000 
(for fresh water with total solids up to 500 ppm, no conversion has been made) and 
the specific gravity of Mediterranean sea water being 1.029, the fresh water potential 
in the salt water increases by 0.029 metre per metre depth. In those observation 
wells in which several filters are available in the same aquifer, a graph has been pre- 
pared of fresh water potential against depth. In each filter the fresh water potential 
has been calculated, for the centre of the filter and the points have been plotted 
against the corresponding depth. Two lines appear on the graph, a vertical line with 
constant potential, as long as the water is fresh, and a line under a certain angle 
which represents the fresh water potentials below the interface. The point of inter- 
section of the two lines gives the theoretical location of the interface. See fig. 4. 

This ideal case, however, does not occur if one of the filters is within the diffusion 
zone. If this occurs, a straight line has been drawn through the point representing 
the lowest filter with a slope corresponding to a change in potential of 0.029 metre 
per metre depth. This method can be used only when the salinity of the under-ground- 
water in one of the lower pipes is equal to that of sea water. In most of the cases 
Investigated todate where the drilling crosses different sub-aquifers with filters in 
each of them a discontinuity in potential occurs at the dividing layer. There are 
however cases where the potential does not change at the dividing layer. This may 
be due to a dividing layer of very limited lateral extent, to coincidence or some other 
accidental causes which are being further investigated. For all practical purposes, 
however, the potential-depth graph seems to be a useful tool in order to distinguish 
between different sub-aquifers in addition to the usual geological data. 
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6.3. Water Level Fluctuations 


In each of the observed interface wells, water levels behave differently in each 
sub-aquifer, according to its physical properties (phreatic or confined, reaction to 
sea tides). This fact as first observed in the 3 Ashqelon wells) can therefore be used 


as an additional means of distinguishing between and correlating to each other 
sub-aquifers in the neighbouring bore-holes. 
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6.4. Cross Sections 


By these means, e.g., the lithological well logs, the salinity logs observed in situ, 
potentials observed in each filter and the above mentioned water level fluctuations, 
cross sections have been drawn in all those cases where two or more neighbouring 
bore-holes have been drilled to the interface. The above-mentioned criteria served 
as a means of correlation. An example is given in fig. 5. 

In those cases where in the second bore-hole (more distant from the shore-line) 
no interface has been found, its intersection with the next impermeable layer has 
been assumed. See fig. 6. 

The correlation between permeable and impermeable strata is the result of our 
present knowledge and may have to be changed, as further material becomes available. 


7. DISCUSSION OF RESULTS 


7.1. Location of Interface at the beginning of observations (1958) 


In the first row of wells along the coast, the interface has been ascertained in 
all wells except one. 

At this site (Rubin 23/0 Fig. 7), the potentials in all sub-aquifers are still 
sufficiently high in order to prevent the intrusion of sea water according to the 
Herzberg ratio. 

The location of the interface at the beginning of our series of measurements in 
the first row of wells is given in the hydro-geological section along the coast. See fig. 8. 

The distance of the observation wells from the shore varies from 20 - 375 m. 
Therefore, when comparing the depths of the interface in the different wells, as 
marked on the section, one should take into account the respective distance from 
shore. In three wells, more than one interface has been observed in the different 
sub-aquifers. Depth of observed interface in this first row of wells varies between 
- 24 and - 84m. 

Regarding the second row of interface wells, it appears that in some areas the 
interface has not yet reached the second well. 

In other areas in which heavy pumping has occurred for a number of years, the 
salt water encroachment has proceeded farther inland beyond the second well. 
(See fig. 1). 

Deviations from the theoretical ’*Herzberg ratio’? have been observed in both 
directions, but only in a few cases the ratio was smaller than 34.5 The smallest ratio 
observed was 31 and the highest was 98 (See table on page 422, 423). 

Deviations from the theoretical value 34.5 can be expected for several reasons: 

7.1.1. In areas where water levels are dropping, (e.g. Hadera - Kfar Vitkin) 
the interface is moving upwards, but its movement is very sluggish owing to the 
great quantities of fresh water which have to be replaced by salt water until a new 
equilibrium with the reduced water levels will be established. Thus a time lag can 
be expected between the change in water levels and the corresponding change in 
the position of the interface. As the encroachment of the sea water is proceeding from 
the sea iniand, it can be expected that the time lag is increasing inland. This is in 
agreement with the observations in the two Hadera wells for example. (See table). 

7.1.2. The seasonal fluctuations of the water levels are not followed up by the 
corresponding fluctuations of the interface, due to the above mentioned sluggishness 
and the interface remains very near its average position. In the season where the water 
levels are higher than the yearly average, the Herzberg ratio can incidentally be 
smaller than 34.5. The diffusion zone observed till now is rather small, in the range of a 
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few metres. One of the reasons may be the smallness of the tidal fluctuations at the 


Mediterranean shore. 


7.2. Movement of Interface 


As the above described measurements have been repeated after several months 
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Fig. 8 


it appeared that the upward movement of the interface has taken place so far in 
a few observation wells only. It should be stressed that small movements of the 
interface (in the range of 1 m) can be recognized only with certainty when the designed 
lay-out has been correct, i.e. when the original interface was within the depth range 
of one of the filters and when, therefore, the transition from fresh water to salt water 
was sharply defined. 

A definite upward movement has been observed in 4 wells, where the interface 
has risen between 1 and 5 m, during the period of observation. 

In a number of wells, no movement of the interface has been observed. These 
wells are situated in more or less stable areas where no excessive pumping is taking 
place and the water levels are not on a steady and rapid decline. 

In a third group of wells which incidentally were the first to be drilled, the 
filters were not at the required depths; therefore the measurements cannot be inter- 
preted unequivocally. In this group of wells, additional borings are therefore neces- 
sary. This may stress the importance of proper planning. 


8. CONCLUSION 


The existing network of interface wells along the coast of Israel gives a fairly 
appropriate picture as to the present location of the interface or interfaces, its depth 
and horizontal extension inland at the measuring sites; it is however not yet suffi- 
ciently dense to permit interpolation between and extrapolation beyond the existing 
interface wells. 

It is hoped that the network of interface wells, when finally completed, will 
be an adequate instrument enabling not only to follow up the movement of the inter- 
face in endangered areas, but furnishing sufficient data in order to calculate the quan- 
tities of fresh water replaced by salt water for the purpose of water balances and to 
describe the movement of the interface as a function of time. 
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SOME GEOCHEMICAL ASPECT OF SEA WATER 
INTRUSION IN AN ISLAND AQUIFER* 


JOHN F. MINK ™ 
U.S. Geological Survey, Honolulu, Hawaii 


SUMMARY 


Studies of the geochemistry of the ground water in basaltic rocks of southern 
Oahu, Hawaii, show that the composition of the intruded sea water underlying the 
fresh ground-water lens differs significantly from the composition of the water of the 
open sea. 

“e Differences in cation concentration are the result of cation exchange which takes 
place as the sea water moves through marine calcareous and alluvial deposits on the 
ocean bottom before entering the basaltic aquifer. Changes in cation concentration, 
in equivalents per million (epm) and parts per milllion (ppm), that occur during the 
intrusion of sea water in the Honolulu area of southern Oahu are as follows : 

Calcium, gain of 125 epm, or 2,500 ppm. 

Magnesium, gain of 200 epm, or 2,430 ppm. 

Sodium, loss of 328 epm, or 7,540 ppm. 

Potassium, loss of 4.7 epm, or 183 ppm. 

The concentration of sulfate is less in the intruded water than in sea water, owing 
to the reduction of some sulfate in the sea-bottom sediments. In the Honolulu area 
the sulfate content of the intruded water is 12 epm (577 ppm) less than in sea water. 

There is a loss in dissolved solids in the intruded water in the Honolulu area 
amounting to about 2,630 ppm. The intruded water therefore has a lower density than 
the water in the open sea. 


RESUME 


Des recherches sur la géochimie des eaux souterraines de roches basaltiques du 
cété sud de ile d’Oahu, archipel d’ Hawai, indiquent que la composition de l’eau salée 
d’intrusion sur laquelle repose la lentille d’eau douce souterraine différe beaucoup 
de la composition de l’eau de la haute mer. 

Les différences en concentration de cations viennent de l’échange de cations qui 
se produit au fur et 4 mesure que l’eau salée se déplace a travers les dép6ts calcaires 
et alluviaux se trouvant au fond de l’océan ayant de s’introduire dans la roche aquifére 
basaltique. Les changements de concentration de cations qui ont lieu pendant la 
pénétration de l’eau marine dans les environs d’Honolulu sont représentés ci-dessous 
en equivalents par million, et en parties par million : 

Calcium, augmentation de 125 epm, ou 2,505 ppm. 

Magnésium, augmentation de 200 epm, ou 2,433 ppm. 

Sodium, perte de 328 epm, ou 7,540. 

Potassium perte de 4,7 epm, ou 183 ppm. 

La concentration de sulfate est moindre dans |’eau d’intrusion que dans l’eau 
de la mer_a cause de la réduction d’une partie du sulfate dans les dépéts du fond de 
Pocéan. Dans les environs d’Honolulu la teneur en sulfate de l’eau d’intrusion est 
miter a celle de l’eau de la mer par 12 équivalents par million (577 parties par 

Il y a une perte totale en solides dissous en poids d’approximativement 2,630 par- 


= par million. L’eau d’intrusion a donc une densité inférieure a celle de l’eau de 
a mer. 


1. INTRODUCTION 


The Hawaiian Islands form an archipelago that extends 1,600 miles along a 
northwest-southeast trend in the central Pacific Ocean. The largest islands constitute 


* Publication authorized by the Director, U.S. Geological Survey. 
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the most southeasterly 380 miles of the archipelago. They are composed principally 
of olivine basalt, which in some places is capped by more sialic extrusives as highly 
differentiated as trachyte, and in others by ultrabasic extrusives such as nepheline 
and melilite-nepheline basalts. Around some of the older islands marine and terrestial 
sediments overlie the gently dipping basalts and form coastal plains. Large bodies 
of fresh ground water occur in close proximity to the sea in each of the largest islands. 
The data and interpretations offered in this paper apply to the island of Oahu, third 
in size in the archipelago and second oldest of the larger islands in terms of major 
volcanic activity. 

Oahu is the eroded remnant of two large shield volcanoes that formed 
independently and grew separately until they coalesced in the present central portion 
of the island. The Waianae dome is the older and smaller and forms the western part 
of the island. The Koolau dome is considerably larger than the Waianae dome and 
is far more important hydrologically. Most of the rain on Oahu falls on the Koolau 
dome, and its basalts compose the principal aquifers in the island. In southern Oahu 
from the Honolulu district westward to the margin of the Waianae dome more than 
100 square miles is underlain by productive aquifers of basalt of the Koolau dome. 
This paper deals specifically with ground water in these aquifers in the Pearl Harbor 
and Honolulu regions of Oahu. 


2. GROUND-WATER OCCURENCE 


Ground water in southern Oahu occurs in general agreement with the Ghyben- 
Herzberg principle (Palmer, 1927; Stearns and Vaksvik, 1935, p. 237-238), according 
to which fresh water in a permeable medium floats on sea water because of its lower 
density. The fresh ground water originates from rainfall in the Koolau Range. This 
ground water eventually discharges at the southern shore of the island, which lies 
3 to 15 miles south of the main area of recharge. A poorly permeable caprock along 
the coast composed of marine and alluvial sediments retards the free escape of water 
into the sea. As a result the ground water is impounded until a sufficient head builds 
_ up to force its flow through openings in or over the edge of the caprock. This impoun- 
ding leads to a much thicker lens than would be possible if no caprock were present. 
The heads range from 12 to 30 feet above sea level, giving a theoretical lens depth, 
under static conditions, of 480 to 1,200 feet below sea level. 

Under steady-state conditions in an ideal Ghyben-Herzberg lens a sharp boun- 
dary could be expected between the fresh water and the saline water on which it 
floats. These conditions, however, do not exist in southern Oahu because of artificial 
stresses imposed upon the system by discontinuous pumping and natural stresses 
imposed by tidal movement and seasonal variations in recharge. The overall effect 
of these stresses is the formation of a zone of mixture ranging from very fresh water 
to the saline water that fills the rocks below it. The chemistry of the water in this 
zone of transition is the result of the mixing of the saline with the fresh water. 


3. COMPOSITION OF THE FRESH GROUND WATER 


The fresh water of the lens has a composition that is rather uniform throughout 
southern Oahu. The absence of variation in composition over such a large area 
suggests that the concentration of the dissolved constituents in the water is virtually 
independent of both location and time of residence in the basalt environment. Table I 
gives the modal values of concentrations of constituents in representative analyses 
of fresh water from the basalt aquifer. The values listed can be considered an equi- 
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TABLE I 


Modal values of concentrations of constituents 
of fresh ground water from the basaltic aquifer of southern Oahu 


CS 


Concentration in Concentration in 
Constituent ppm epm 

5 el el he See 
SiO2g 36 = 
Ca 8.0 0.399 
Mg 6.0 .493 
Na 20 .870 
K 2.0 .051 
HCOs3 65 1.065 
SOa 5:5 iW Be 
Cl 22 .620 
PO, .20 .006 
F .07 .004 
NOs iA -018 

Total dissolved solids 

(calculated) 165 


librium concentration for fresh water in this type of aquifer. A study of analytical 
data has shown that most of the dissolved burden originates in the surface mantle 
of vegetation, soil, and weathered rock. A smaller portion is contributed by the rain. 
Solution occurs also within the unweathered aquifer but is small compared to that 
which takes place in the surface environment. 


4. COMPOSITION OF INTRUDED WATER 


The saline water that underlies the fresh-water lens in the permeable basalts 
originated in the open sea, but it differs appreciably in chemical composition from 
free ocean water. The principal differences concern the content of the cations calcium, 
magnesium, sodium, and potassium and the anion sulfate. Most of the other dissolved 
constituents also show deviations from sea water, although the differences are much 
smaller than those exhibited by the major cations and sulfate. The chloride content, 
however, is uninfluenced by the conditions that produce these changes in concen- 
tration, and consequently it can be used as an index for determining relative variations 
in quantities among the dissolved constituents and as a measure of the ratio of the 
sea-water component to the fresh-water component in the zone of mixture. 

The incursion of saline water into the fresh-water lens is commonly called «sea- 
water intrusion». The composition of this saline water before mixing is not as easily 
ascertained as that of the fresh water because of the great depth of the water below 
the land surface. However, after the saline water mixes with the fresh water, the 
mixture eventually discharges from the dynamic part of the lens at nearshore springs 
or artesian and pumped wells. If this transition-zone water is the product of simple 
mixing, the nature of the saline water can readily be deduced. That simple mixing 
is the general case is indicated by the constancy of the ratio of the major individual 
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dissolved constituents to the index constituent, chloride, throughout the range of 
concentration of the index constituent. Another way to obtain the composition of 
the saline water is, of course, by direct sampling from below the lens. Such a sample 
was obtained near the shore of Pearl Harbor from a 6-inch test hole drilled to 1,300 feet 
below sea level. The chloride content of the water at this depth was 17,700 ppm, 
somewhat less than that of open sea water (19,000 ppm). 

In addition to the high-chloride sample noted above, a sufficient number of 
analyses are available for water having concentrations up to about 10,000 ppm of 
chloride to indicate the composition of the saline water below the lens. By plotting 
the concentration of each of the dissolved constituents as a function of chloride 
content the nature of the saline water can be deduced. At the higher chloride concen- 
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trations the quantity of chloride contributed by fresh ground water will be so small 
that it can be disregarded, and all the chloride can be assumed to have been derived 
from the saline water. Similarly, the quantities of calcium, magnesium, sodium, 


potassium, and sulfate contributed by fresh water to he of mixture are negligible, 


and therefore at high concentrations these ions also can be assumed to have originated 
in the saline water (see table I). 

Plots of the concentration of the major cations as a function of chloride content 
for ground water in the Honolulu area are given in figures 1-3. All concentrations 
are given in equivalents per million (epm). Included on each graph is the comparable 
relationship for a mixture of fresh water and sea water. These graphs show a marked 
enrichment of calcium and magnesium at the expense of sodium and potassium in 
the zone of mixture and, by extrapolation, in the saline water also. The linearity of 
the relationship indicates that the transition zone is a simple mixture of fresh and 
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Fig. 3 — Comparison of the total major cation content of well water from the 
basaltic aquifer in Area 2 of Honolulu as a function of chloride content with 
that of sea water diluted to the chloride content of the well water. The well water 
represents a mixture of intruded sea water and fresh water. The total major 
cation content of the well water at various chloride concentrations is equivalent 
to the total major cation content of sea water at comparable chloride concen- 
trations. This relationship indicates that solution within the sea-bottom sediments 
and the aquifer is negligible in comparison with exchange reactions in the sea- 
bottom sediments. 


intruded waters. Figure 3 shows that the total cation concentration in equivalents 
per million in the zone of mixture is very nearly equal to the total in diluted sea water 
of the same chloride content, and therefore that neither soJution nor precipitation of 
the cations occurs within the environment through which the sea water passes before 
it mixes with the fresh water. The relative changes in cation concentration between 
the water of the open sea and the saline water must then be the result of ion exchange. 

Figure 4, which illustrates the variation of sulfate with chloride in the Honolulu 
area, shows that the intruded water is lower in sulfate than sea water and that neither 
gain nor loss of sulfate takes place within the zone of mixture. The loss of sulfate 
therefore must occur before the saline water mixes with the fresh water of the lens. 

The highest chloride value included in the graphs from analyses of transition- 
zone water of the Honolulu region is for a mixture containing about 40 percent 
saline water, but the linearity of the relationships between the major dissolved consti- 
tuents and chloride allows extrapolation to the chloride content of the undiluted 
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saline water, which is also the chloride content of sea water (535 epm). The cation 
and sulfate composition of this saline water, as determined from the graphs, and the 
manner in which it differs from sea water are shown in the following tabulation. 


: Sea water Saline Difference Difference 
Constituent 
(epm) water (epm) (epm) (ppm) 

Ca 20 145 + 125 + 2,500 
Mg 105 305 + 200 + 2,430 
Na 459 131 / — 328 — 7,540 
K 9.7 5.0 — 147 —=~ 185 
SO.4 55 43 wf 2 — 580 
Total — 3,375 
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4 — Comparison of the sulfate content of well water from the basaltic aqui 

: : ifer 
# oe s of Honolulu as a function of chloride with that of sea water diluted 
¢ the ee oride content of the well water. The well water represents a mixture 
fe) ieee ed sea water and fresh water. The smaller quantity of sulfate in the 
ae nates, Relative to sea water of comparable chloride content is attributed to 
pe aed ie gen of sulfate in the intruding sea water as it passes through the sea- 
ae sediments. The linear change in sulfate with chloride indicates that the 
sulfate content is not subject to chemical change within the basalt aquifer. 
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The lesser weight of dissolved constituents in the saline water as compared 
with sea water can be expected to result in a hydrodynamic balance between the fresh- 
water lens and the ocean that differs from the calssical Ghyben-Herzberg equilibri- 
um, which is based on the density of sea water in the open ocean. 

Examples of relationships in the transition zone in the Pearl Harbor region of 
Oahu similar to those in the Honolulu region are shown in figures 5 to 7. The sulfate- 
variation diagram is omitted because of the complicating effects of irrigation water 
that returns to the aquifer. In this region the highest chloride values were found in 
water from the test hole drilled through the fresh-water lens to a depth of 1,300 feet 
below sea level. The test hole is in an artesian area where the average head of the 
fresh water is about 20 feet above sea level. According to the Ghyben-Herzberg 
ratio, under static equilibrium conditions, the interface between fresh and sea water 
should be about 800 feet below sea level. No sharp interface exists, however, and even 
at 1,300 feet the well may not have passed through the transition zone. 
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Fig. 5 — Comparison of the calcium content of well water from the basaltic aquifer 


i Pearl Harbor region, as a function of chloride content with that of 
Rentehe diluted to the ehiorie content of the well water. The well water PUL Ge 
sents a mixture of intruded sea water and fresh water. The larger quantity 0 
calcium in the well water relative to sea water of comparable chloride ECaven 
is due to the release of calcium into the intruding sea water by cation exc anae 
in the sediments of the sea floor. The linear change in calcium with chloride 
indicates that within the basalt aquifer only simple mixing of intruded sea water 


and fresh water occurs. 
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Fig. 6 — Comparison of the magnesium content of well water from the basaltic 
aquifer in Area 6, Pearl Harbor region, as a function of chloride content with 
that of sea water diluted to the chloride content of the well water. The well 
water represents a mixture of intruded sea water and fresh water. The larger 
quantity of magnesium in the well water relative to sea water of comparable 
chloride content is due to the release of magnesium into the intruding sea water 
by cation exchange in the sediments of the sea floor. The linear change in mag- 
nesium with chloride indicates that within the basalt aquifer only simple mixing 
of intruded sea water and fresh water occurs. 


Figures 5 to 7 include data from several wells other than the test hole in the 
same general area. The graphs show that the concentrations of both calcium and 
magnesium in the zone of mixture in the Pearl Harbor region are higher than in 
sea-water mixtures having comparable chloride contents and that the total excess 
is matched by an equivalent total deficiency in concentrations of sodium and potas- 
sium. At the very high chloride concentrations in the deep test hole the individual 
relationships are not as perfect as in the fresher part of the transition zone. This 
deviation from linearity may be due to localized base exchange resulting from contact 
of the water with finely comminuted rock fragments produced during drilling or 
from weathered basalt beds through which the water moved in the vicinity of the 
test hole. It should be noted that the total cation concentrations in the transition- 


zone water are equivalent to those of sea-water mixtures having comparable chloride 
contents even at the highest chloride content. 


432 


a cee tay, 
a aug i 
er AY 


100 
eatin deen ite, BO Rae ace a a 
eas eee | a eaaiess alec Vi/ 
PaaS Ea a Heh ae 5) Z y 


Pe ee ee ee Y 
a 
ee ae 


2 SSS ee Eas es a 
5 Sees SP Se Pe 
LAS ee ee ee ea 2 


KX 
K IN 
HEPA EL eG. < 
a 
H NS 
2: 


Cations in Equivalents Per Million (EPM) 


Cx YI 
Ys 
See ne ee A 
eee Loe 
ras ~4| 6 
pay e Na+ K, Area 6 wells. 
Z| eo Cat Mg, Area 6 wells. 


1.0 


1.0 100 1000 
Chloride (Gl-) in Equivalent Per Million (EPM) 
Fig. 7 — Comparison of the total major cation content of well water from the basal- 


tic aquifer in Area 6, Pearl Harbor region, as a function of chloride content 
with that of sea water diluted to the chloride content of the well water. The well 
water represent a mixture of intruded sea water and fresh water. The total 
major cation content of the well water at various chloride concentrations is 
equivalent to the total major cation content of sea water at comparable chloride 
concentrations. This relationship indicates that solution within the sea-bottom 
sediments and the aquifer is negligible in comparison with exchange reactions 
in the sea-bottom sediments. 


Comparisons of the composition of samples taken at various depths in the test 
hole with the hypothetical composition of sea water diluted to the chloride content 
of each sample are given in tables II, III and IV. These comparisons demonstrate 
the numerical differences in both equivalents per million and parts per million between 
the actual composition of transition-zone water and the composition that would 
prevail if the transition zone were a model mixture of sea water and fresh water. 
The quantity of each of the dissolved constituents contributed by the uncontaminated 
fresh water is very small compared to the total burden of each in the mixture and 
can be ignored in computing the hypothetical sea water-fresh water mixture. The 
most striking differences shown by the tabular data, which were also illustrated 
graphically, are those for the major cations and sulfate. 
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TABLE Ul 


Comparison of dissolved constituents in water from the deep test hole with those in 
sea water diluted to the same chloride content. Sample from depht of 388 feet — 
below sea level. bb ; 


ATT B Cc D 
Concentration Difference 
Constituent Concentration | in sea water in ppm Difference 
in ppm diluted to same (Col. A— in epm 
Cl content Col. B) 
SiOg 45 10.04 to 7.8 + 45 to + 37.2 — 
Al ay .06 + .28 — 
Fe .00 Negligible a — 
Ti .00 0 — = 
NH, al Negligible +.1 +.01 
Ca 310 44 +266 +13.26 
Mg Si 22 141 +171 +14.09 
Na 538 1,168 —630 —27.43 
K 15 42 —27 —.70 
Li 0 01 01 = 
Subtotal peer | Fig! 
HCO3 59 16 43 + .72 
PO4 .02 Negligible to .03 | + .02 to —.01 — 
SO4 263 293 —30 — .62 
Cl 2,100 2,100 0 0 
F 0 iy lee — 15 — .Ol 
I ¥ .005 —— .095 — 
Br die 1 ye? ==. L = 
NO3 ee Negligible to .33 | + 1.3 to + .97 + .02 
B .06 By —— 45 raat 
Subtotal + .07 
Total 3,630 3,815 — 195 
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TABLE III 


Comparison of dissolved constituents in water from the deep test hole with those in 
sea water diluted to the same chloride content. Sample from depth of 740 feet 
below sea level. 


A B C D 
| Concentration Difference 
Constituent Concentration | in sea water in ppm Difference 
i in ppm diluted to same (Col. A — in epm 
: Cl content Col. B) 
SiO: 39 O15 to 29 + 39 to + 36 — 
; Al =P. 365) ~ 739 — 
\ Fe 100} Negligible — — 
4 iia "00° 4 0 “= — 
; NHa 3. | Negligible to .02 | + .3to + .28) + .02 
H Ca 736 | 133 + 603 + 30.09 
} Mg 757 . 423 + 334 + 27.48 
Na 2,070 | 3,511 —1,441 — 62.68 
, «x polerre 126 sabe ey 
: Li 0 .03 = .03 = 
Subtotal | — 7.42 
HCO; 65 | 47 lage ig OS 
. PO. 00 | Negligible to .09 | 0 to 0.09 ibs 
SO4 843 | 881 — 38 — §'.78 
Cl 6,310 6,310 0 0 
F .0 .47 — -47 —  .Q2 
I 4 .02 ag 38 =, 
Br 22 21.6 = 4 + .O1 
NO3 0 .02 to 1.0 .02 to 1.0 01 
B 06 1.53 Set 47 aes 
Subtotal = AD 
Total 10,800 11,464 — 664 = 


oo tether e ,, Ee 
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TABLE IV 


Comparison of dissolved constituents in water from the deep test hole with those in 
sea water diluted to the same chloride content. Average of 2 samples from depths” 
of 1,140 and 1,300 feet respectively below sea level. 


A B & D 
Concentration Difference 
Constituent | Concentration in sea water in ppm Difference 
in ppm diluted to same (Col, A — in epm 
Cl content Col. B) 
SiOz 28 .04to 8.0 + 28 to +20 — 
Al 1.0 .47 et 53 — 
Fe .00 Negligible to .02 | Oto — .02 == 
Ti .02 0 | oop .02 — 
NH4 as Negligible to .05 + .3to+.25} + .02 
Ca 884 371 + 513 + 25.60 
Mg 1,295 1,180 + 115 + 9.45 
Na 9,110 9,793 — 683 — 29.71 
K 173 352 — 179 — 4.58 
vib 0) .03 = .03 as 
Subtotal + 0.78 
HCO3 95 130 — 35 — 1.05 
PO4 .02 Negligible to .30 + .02 to—.28 
SO4 2,395 2,456 —'» 61 — 1.27 
Cl 17,600 17,600 0 
F a3 123 — 1.0 — .05 
I 4 .05 ~ 35 = 
Br 63 61 + 2 +  .03 
NOg 0 .05 to 3.0 — .05 to— 3.0} — __.03 
B .49 4.3 — 3.8 a 
Subtotal — 2.37 
Total 31,645 31,960 — 315 — 
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5. CAUSES OF DIFFERENCES IN CONCENTRATION OF THE MAJOR CONSTITUENTS BETWEEN 
SEA WATER AND SALINE WATER 


The obvious means by which sea water could change its composition upon 
moving into the island are threefold: 

1. Addition of constituents by solution. 

2. Removal of constituents by formation of insoluble compounds. 

3. Changes in the relative concentrations of the constituents through ion exchange. 

The effect of solution in the basalt environment on the overall composition of 
the sea water is negligible. This is reasonable to expect, since the equilibrium compo- 
sition of dissolved constituents in the aquifer is very small (see table I); and, although 
these values were determined for the fresh-water lens, it is not likely that sea water 
would increase solution to an extent even remotely approaching the large gains in 
calcium and magnesium. Also, the total concentration, in equivalents per million, 
of the cations in the sea and saline waters are nearly the same, which means that 
neither a net gain nor a net loss occurs. Solution, however, does determine the 
amount of silica in the saline water. Removal from solution occurs in the case of 
sulfate and certain of the minor elements. 

Ion exchange is the dominant process leading to the chemical characteristics 
of the saline water. Before entering the permeable basalts of the islands, sea water 
must pass first through a thick layer of sediments. Near the shore these sediments 
form the caprock, which is composed of highly calcareous marine debris, terrestially 
derived clays, and Globigerina ooze. Off southern Oahu the caprock platform is 
several miles wide and extends at least 1,200 feet below sea level. Globigerina ooze 
mantles the caprock and extends beyond it on the floor of the ocean. According to 
Hamilton (1957, p. 1018) the sea bottom off Oahu between 1,800 and 12,600 feet 
below sea level consists of Globigerina ooze containing 34 to 78 percent calcium 
carbonate (13.6 to 31.2 percent calcium) by weight. An analysis of a Globigerina 
ooze from a depth of 9,930 feet near Oahu as reported by Goldberg and Arrhenius 
(1958, p. 170) gave a calcium content of 23.9 precent, a magnesium content of 1.6 
percent, a sodium content of 1.5 percent, and a potassium content of 0.71 percent. 
As the caprock and associated sea-bottom sediments contain much clay they un- 
doubtedly have a high base-exchange capacity, which could be expected to be satisfied 
chiefly with calcium and magnesium prior to the movement of sea water through 
them. The concentration of sodium in the sea water, however, is so great in comparison 
with the calcium and magnesium that, as the sea water passes through the sediments, 
the base-exchange positions become saturated with sodium, and thus this water is 
enriched in calcium and magnesium and depleted in sodium. Potassium acts in the 
same way as sodium. The exchange process involves neither a loss nor a gain in total 
equivalents of cations in solution. The exchange can be stated simply by the generalized 


equation: 
Ca, Mg clay + 2 Nat = 2 Na clay + Cat+, Mgt+ 


After passing through the sediments into the basalts of the island the intruded 
water in general no longer undergoes extensive exchange reactions. Although the 
basalts are not entirely lacking in ion-exchange capacity, their exchange capacity 
is negligible in comparison with that of the sea-bottom sediments. This is illustrated 
by the linearity of the relationship between the individual cations and chloride. The 
lack of appreciable exchange capacity in the basalt is understandable in view of its 
physical nature. Characteristically the basalt occurs in thin layers that retain their 
original freshness owing to the rapidity with which the dome formed. Also, the domes 
consist almost entirely of flow rocks. The absence of products of weathering and of 
pyroclastic material within the subterranean mass of the dome precludes the presence 
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of the principal components that could contribute to high base-exchange capacity 
of the water-bearing rock. 

The smaller quantity of sulfate in the saline water in comparison with sea water 
is attributable to reduction of sulfate through reaction, with organic material and 
anaerobic bacteria in the sea-bottom sediments. The products of the reaction are 
bicarbonate and hydrogen sulfide. This chemical transformation can be described 
by the following general reaction: 


Organic 
R2+SO42- + 2C = RS + 2COg 


RS + 2CO2g + 2H20 = R2+(HCO37)2 + HeS 


Insoluble sulfides may form as a product of reaction between hydrogen sulfide and 
metallic ions. According to Keith and Degens (1959, p. 49, 51) marine muds of 
Oahu have more than 5 to 10 times the sulfur content of fresh-water muds of the 
island (1.5 to 3.2 percent sulfur compared to 0.3 percent sulfur). 


6. VARIATION IN CONTENT OF THE LESS CONCENTRATED ELEMENTS 


Most of the dissolved constituents in addition to the alkalis, alkaline earths, 
and the sulfate show measurable differences in concentration between the saline 
and sea water. The largest differences occur in silica and bicarbonate, but several 
other constituents also display significant variations. These differences can best be 
seen by comparing the water from the bottom of the deep test hole with sea water 
having a comparable chloride content (table IV). 


6.1. Silica 


The gain in silica in the saline water over sea water is due chiefly to solution 
in the basalt. It is also possible that the sea water, before intruding, had a higher 
than normal silica content because of enrichment in the deep sea by the solution 
of siliceous tests of plants and animals. The very close correspondence between the 
amount of dissolved silica in the saline water and in fresh ground water suggests that 
this value (approximately 35 ppm) represents the equilibrium for dissolved silica 
for both fresh and saline waters in the basalt environment. The work of Krauskopf 
(1956, p. 1-26), in which he found that the equilibrium solution of silica in the sea 
water-amorphous silica system at 22°C to 27°C is nearly the same as it is in the 
distilled water-amorphous silica system at 25°C (115-120 ppm and 102 ppm, respec- 
tively), supports this suggestion. The time required for these systems to reach equili- 
brium is about 4 months (White and others, 1956, p. 27-59). The temperature of the 
ground water of southern Oahu ranges from 20°C to 25 °C, and its normal residence 


time in basalt is probably much longer than 4 months; thus the conditions for com- 
parable equilibrium are met. 


6.2. Bicarbonate 


The loss of bicarbonate from the saline water appears to be anomalous, since 
the tendency presumably should be toward a concentration higher than that of sea 
water because of the reduction of sulfate. The probable reason for the decrease involves 
the release of pressure on the deep water as it moves into the open well. The reduction 
jn pressure would permit free carbon dioxide to escape, which would cause equilibrium 
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in the system 
CaCO3 + COzg + H2,0 = Ca(HCOs)2 


to shift to the left, resulting in the precipitation of calcium carbonate. 


6.3. Ammonium 


The eXCess of ammonium in the saline water probably results from reduction 
of nitrate in the sea-bottom sediments similar to that of sulfate. The total lack of 
nitrate also can be explained in this manner. 


6.4. Fluoride 


Fixation in authigenic minerals, such as illite, on the sea floor can result in a 
deficiency of fluoride in the saline water. 


6.5. Iodide 


The relatively high concentration of iodide in the saline water is caused by its 
addition from the sea-bottom sediments. Iodine is an important trace-element nutrient 
for some forms of marine life, and could be expected to accumulate in organic debris 
on the sea floor. White (1957, p. 1668) cites a reference which states that fine-grained 
carbonaceous ocean sediments are very rich in iodine. 


6.6. Bromide 


The bromide contents of the two waters are nearly equal, indicating that the 
bromide content, like the chloride content, of the sea water is unaffected by the 
environment through which the water travels. 


6.7. Boron and lithium 


The deficiency of boron may be the result of the formation of relatively insoluble 
calcium borates on the sea floor (White, 1957, p. 1671) or from adsorption in the 
sediments. Keith and Degens (1959, p. 45, 46) point out that marine muds from 
Oahu have a consistently higher boron content than the island’s fresh muds, and that 
the same is true for lithium (1959, p. 46). The lithium probably is adsorbed on the 
sea-bottom sediments. 
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FLOW PATTERN OF FRESH AND SALT WATER 
IN THE BISCAYNE AQUIFER OF THE MIAMI AREA, 
FLORIDA 


~ 


F.A. KOHOUT (*) 


SUMMARY 


Investigations in the coastal part of the Biscayne aquifer, a highly productive 
aquifer of limestone and sand in the Miami area, Florida, show that the dynamically 
stable salt-water front is as much as 8 miles seaward of the position computed accor- 
ding to the Ghyben-Herzberg principle. This discrepancy results largely from_the 
fact that the salt water in the Biscayne aquifer is not static, as explanations of the 
balance between fresh water and sea water commonly assume. Equipotential lines in 
terms of equivalent fresh-water head in wells show that, when the fresh-water head is 
high, water in all parts of the aquifer moves seaward, but that when the head is low 
salt water circulates from the floor of the sea through the lower part of the aquifer 
into the zone of diffusion, and thence back to the sea. 

By use of horizontal gradients derived from a low-head equipotential diagram, 
a flow net has been constructed to show the movements of fresh and salt water in the 
aquifer. About seven-eighths of the total discharge at the shoreline originates as fresh 
water in inland parts of the aquifer. The remaining one-eighth represents a return of 
sea water entering the aquifer through the floor of the sea. 


RESUME 


Des recherches faites dans la partie cétiére de la nappe aquifére de Biscayne de la 
région de Miami, Florida, révélent que la ligne d’eau salée est dynamique mais elle 
est stabilisée et elle se trouve au moins a 8 milles au large de la position établie par le 
principe de Ghyben-Herzberg. Cette irrégularité est en grande partie due au fait que 
Veau salée dans la nappe aquifére de Biscayne n’est pas statique comme on le suppose 
ordinairement dans le concept de |’équilibre dynamique entre l’eau douceetl’eau salée. 
Les équipotentielles établies en termes de la charge d’eau douce démontrent que 
Veau de toute la nappe aquifére se déplace vers la mer lorsque le niveau d’eau douce 
est élevé; elles démontrent aussi que l’eau salée provenant du fond marin, s’infiltre dans 
la couche inférieure de la nappe aquifére jusqu’a la zone de diffusion et de 1a retourne 
a la mer, lorsque le niveau d’eau douce est bas. 

A Vaide des gradients horizontaux, un réseau de lignes de courant a été établi 
pour demontrer le mouvement d’eau douce et d’eau salée dans la nappe aquifére. Les 
sept huiti¢émes environ de la masse d’eau déchargée a la cOte proviennent d’eau douce 
issue de la zone terrestre de la nappe aquifére. L’autre huitiéme représente un écou- 
lement cyclique d’eau salée provenant du fond de la mer et y retournant en s’in- 
filtrant 4 travers la nappe aquifére. 


1. INTRODUCTION 


Investigations over the past 20 years confirm that the salt-water front in the 
Biscayne aquifer is dynamically stable as much as 8 miles seaward of the position 
computed by either the Ghyben-Herzberg principle or the theory of dynamic equi- 
librium (Fig. 1). The concept of dynamic balance between flowing fresh water and 
static sea water in a coastal aquifer is shown in Figure 2 (Hubbert, 1940, p. 924-926). 

The discrepancies result largely from the fact that the salt water in the Biscayne 
aquifer is not static, as explanations of the dynamic balance commonly assume. 
Cooper (1959, p. 461) has expressed the hypothesis that the dispersion of salts 
produced by the reciprocating motion of the salt-water front, owing to tidal action, 


(*) U.S. Geological Survey Miami, Fla. 
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Fig. 1 — Map of the Miami area, 
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Fig. 2 — Balance between fresh water and salt water in a coastal aquifer with the 


salt water static. 


induces a flow of salt water. Fundamental steps in the investigation of this flow were 
made by Glover (1959, p. 458), who presented a flow net showing the pattern of 
fresh-water flow near a beach and by Henry (1959), who developed equations for 
the fresh-salt water interface, under several sets of boundary conditions; these 
developments assume that the fluids are immiscible and that the salt water is static. 
In a companion paper, Henry has extended the mathematical development to include 
the effects of dispersion on the salt distribution and flow in a coastal aquifer. 

This paper will demonstrate the characteristics of flow that have been observed 
in the Biscayne aquifer of the Miami area and, by a flow net constructed from field 
data, will show the flow pattern of fresh and salt water for a low fresh-water head 
condition. 


2. GEOLOGIC AND HYDROLOGIC CHARACTERISTICS 


The Biscayne aquifer, which consists of solution-riddled limestone and calcareous 
sandstone, is a water-table aquifer extending from land surface to an average depth 
of 100 ft below msl (mean sea level). In general, the coefficient of permeability of 
the aquifer ranges from 50,000 to 70,000 gpd/sq ft (Parker, 1951, p. 824). 


3. THE ZONE OF DIFFUSION 


The salt content in the zone of diffusion grades from 16 ppm chloride (fresh 
water) to about 19,000 ppm chloride (sea water). A cross section of the zone of dif- 
fusion in the Cutler area is shown in Figure 3. The isochlors are based on water 
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samples from fully cased wells which also serve as 
heads at isolated depths. 

The blunt-nosed shape of the isochlor pattern, which is the characteristic con- 
figuration of the zone of diffusion throughout the Miami area, has remained unchanged 


points for measuring pressure 
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at Cutler since 1946. This configuration results from the boundary requirement 
that no dispersion or diffusion may occur across the impermeable base of the aquifer. 
Isochlors that approach the base of the aquifer perpendicularly satisfy this requi- 
rement (Henry, 1960). 

A ground-water velocity test, using fluorescein dye as a tracer, established that 
diluted salt water in the upper part of the zone of diffusion flowed continuously 
seaward. As the discharge of diluted salt water did not change the isochlor pattern, 
it became evident that the rate of diffusion was equal to the rate that salt water was 
flushed seaward through the upper part of the aquifer. In recent years, considerable 
study has been given to the process of dispersion, which consists of two separate 
mechanisms: convection, the mechanical transfer of one fluid into the region 
of another, and molecular diffusion (Bosworth, 1949, p. 465). During the to-and-fro 
movement of the salt-water front resulting from ocean tides, variations of fluid 
velocity across the pores of a permeable medium cause intermingling of fluids of 
different concentration, and this permits rapid blending of the fluid types by mole- 
cular diffusion (Cooper, 1959, p. 464). As shown in Figure 4 (see locations of wells, 
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Fig. 3), semidaily tidal oscillation dampens out landward. Consequently, the disper- 
sion rate, which depends on hydraulic movement, also decreases landward. The 
coefficient of dispersion at the inland toe of the zone of diffusion may not be sig- 
nificantly greater than the coefficient of molecular diffusion. 
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4. HyDRAULIC GRADIENT IN THE SALT-WATER ZONE 


The dispersion must occur at a rate large enough to maintain the zone of 
diffusion while large quantities of salt water discharge seaward. To maintain this 
equilibrium, some means of transporting the salts from the floor of the sea through 
the aquifer and into the zone of diffusion must be available. In the lower, seaward 
parts of the zone of diffusion (Fig. 3), the concentration gradient is too small for 
there to be an appreciable transportation of salt by dispersion. Therefore, the salt 
must be transported by hydraulic flow with an accompanying loss of head. In Figure 5, 
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fluctuations of average daily fresh-water head in the salt-water region are compared 
with the daily-average head of Biscayne Bay. Ground water of uniform density 
moves in the direction of decreasing fluid potential, but where the density varies 
from point to point, measurements of head do not indicate the direction of movement 
directly. For this reason the observed salt-water heads in the wells have been converted 
to fresh-water heads by computation. Also, the hydrographs of wells G 906 and 
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G 919 have been adjusted for the density of the columns of salt water between the 
termini of the wells (at -97.9 and -101.5 ft msl, respectively) and the horizontal plane 
in the aquifer located 100 ft below sea level. Well G 936 required no adjustment 
because it terminated at the datum. The relative heads of the wells related to their 
locations (Fig. 3) show how the gradient—in terms of water of constant density 
along the plane 100 ft below msl—fluctuated during 1958. 

A 13-inch rain in May 1958, produced a large seaward gradient. As the head 
declined, the curves cross over at about 2.4 ft indicating reversal to a landward 
gradient. The fresh-water head in static sea water at a depth of 100 ft below msl 
(offshore) is 2.5 ft; thus, the gradient in the salt-water region of the aquifer reverses 
direction at a fresh-water head value that compares closely with theory. The landward 
gradients show that salt is transported inland from the floor of the sea to the zone 
of diffusion by hydraulic flow. 

Along the bottom of the aquifer (fig. 3), the dispersion of salt is continuously 
landward in the direction of decreasing concentration. Hydraulic flow opposes the 
inland dispersion of salt during seaward flow and supports dispersion during landward 
flow. Each point in the aquifer will be affected by an unique relationship of this type, 
depending on the directions and magnitudes of the hydraulic and dispersive com- 
ponents of salt movement. 


5. PoTENTIAL THROUGHOUT THE FRESH-WATER AND SALT-WATER REGIONS 


Equipotential diagrams in terms of equivalent fresh-water head for conditions 
of high and low head are shown in Figures 6 and 7. For wells containing salty water, 
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the equivalent head of fresh water has been computed, so that all heads are the same 
as if the casing had been filled with fresh water at the time of measurement. The 
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equipotential lines in the upper, fresh-water part of the aquifer indicate the potential 
of fresh water in a fresh-water environment. As flow lines must be perpendicular 
to these equipotential lines, a seaward movement of fresh water is indicated. 
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In the lower, seaward part of the aquifer the equipotential lines indicate the 
potential of fresh water in a region occupied by salt water. Hubbert (1940, p. 868-869) 
has shown that fresh-water equipotential surfaces in a region occupied by salt water 
will be horizontal if the salt water is static. As the equipotential lines in Figures 6 
and 7 are not horizontal, it is concluded that the salt water is not static, but must 
be moving in the direction of the slope. The seaward slope throughout the aquifer 
in Figure 6 demonstrates that a high fresh-water head, resulting from heavy recharge, 
causes all water in the aquifer to flow seaward. 

Under low-head conditions (Fig. 7), the seaward slope of equipotential lines 
in the upper part of the aquifer indicates seaward movement of water, but the inland 
tilt of the lines in the lower part of the aquifer indicates a landward flow of water. 
The zero-horizontal-gradient line is passed through the points of horizontality of 
the individual equipotential lines. Clearly, water along this line is flowing neither 
inland nor seaward, but, as the flow must be continuous between the lower and upper 
regions, it is concluded that the water along the zero-horizontal-gradient line must 
be flowing upward. 

The superposition of the zero-horizontal-gradient line in the cross section of 
the zone of diffusion (Fig. 3) indicates that water containing as much as 16,000 ppm 
chloride may have a seaward horizontal component of flow. The Ghyben-Herzberg 


line is the theoretical hydrostatic balance point of fresh water and sea water for the 
same date. 
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A flow net for a low-head condition is shown in Figure 8. Gradients for the 
horizontal component of flow were determined from the head distribution along 


~ 


_ DISTANCE FROM SHORELINE IN FEET 
800 600 400 20 0 200 


EXPLANATION 


Terminus of fully 
cased well 


—— ee 


FLOW PATTERN FOR FRESH AND SALT WATER 
4 
} 
i 


1 
Lee] 


’ 
' 
@ 


TUDE,IN FEET REFERRED TO MSL. 


eS | "2 SE OF BISCAYNE AQUIFER ~~~~~ 


ALT 


Fig. 8 — Cross section through the Cutler area showing the flow pattern of fresh 
and salt water for a low-head condition, September 18, 1958. 


horizontal planes in the fresh-water equipotential diagram of Figure 7. These hori- 
zontal gradients were plotted seaward or landward, depending on the direction of 
flow, from vertical base lines spaced at 100-ft intervals from the shoreline. Stream 
tubes then were constructed by maintaining the product of the vertical thickness 
of the stream tube (Ay) and the horizontal gradient (dh/d7) constant throughout 
the flow net. 

The permeability of the Biscayne aquifer in the Cutler area is not uniform as 
indicated by the irregularly spaced lines in the upper part of the equipotential diagrams. 
As construction of the flow net depends on homogeneity, it was necessary to adjust 
for the nonuniform permeability. 

The stream-line pattern was constructed to scale and reduced horizontally in 
the preparation of Figure 8. In the reduction, alternate stream lines were omitted, 
except for the dashed lines at the midpoints of flow tubes in the landward-flow region 
which were retained to show the flow pattern. 

The seaward-flow of water at the shoreline is represented by 16 flow tubes, of 
which 14 originate inland and 2 originate at the floor of the sea. Thus, about seven- 
eighths of the total discharge at the shoreline is fresh water moving seaward from 
inland parts of the aquifer and the remaining one-eighth represents a return of sea 
water entering the aquifer through the floor of the sea. 

Significant boundaries that may be identified in the flow net are the zero- 
horizontal-gradient line, which separates the aquifer in regard to the seaward and 
landward horizontal components of flow, and the stream line in the seaward-flow 
region that separates the waters environmentally in relation to their source as fresh 
water or sea water. The stream line and the zero-horizontal-gradient line coincide 
at their perpendicular intersection with the base of the aquifer. 
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NEW SYSTEM OF PUMPING UNDERGROUND 
FRESH WATER AFLOAT UPON SEA-WATER IN 
POROUS FORMATION 


U. BARDELLI 


1, NEW SYSTEM OF PUMPING UNDERGROUND FRESH-WATER AFLOAT UPON SEA WATER, 
IN POROUS FORMATION.— 


Fig. I, here appended, represents a freatic fresh-water body, of which the upper 
surface is the water table and the lower one the separation between fresh and sea water. 


Fig. 1 

h= hight from sea surface to water table apex: it is supposed to be | meter, for easy 
calculation sake. 
S = depth of fresh water lens lower apex, inside porous water layer, as fresh water 
floats on salt water. 
AP = upper apex of freatic water surface 
ap = lower apex of freatic water surface. 

The earth mass is an island. 

Salt water is represented with arrow heads, pointing upward. Fresh water— 
floating upon it—has no special marks, and is blank. 


Fresh water less density keeps it afloat on sea water. The geologic features of 
the area, grant sufficient infiltration to sea water, and percolation to meteoric water, 
to reach the water table. Fresh water percolates towards the sea and the water table is 
sloping to overcome frictional losses through porous ground. 

Fig. I water table maximum elevation, corresponds to I meter above sea level, 
(AP). 

A well known formula gives the depth of the fresh-salt-water separation surface 


lower point, (ap): 


where: 


h = 1m; d= 1.0028 (spec. gravity of fresh water), 
D = 1.0280 (spec. gravity of sea water). 


Therefore: 
1 X 1.0028 58°79 40 
Ss = 39.79, approx. m. 
1.028 — 1.0028 i 


This meaning: each meter of the fresh water table elevation, at the apex, lowers 
the corresponding apex of the dividing surface (ap), of 40 m, under said level (L. M.) 
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Consequently, if the fresh water table drawdown during pumping, is being of 1 m, 
the sea water would rise of 40 m, above said lower apex. 


Fig. 2 — L.M. is the sea level, as in fig. 1. 


c = is the depression cone (drawdown) that follows well pumping. The well is repre- 
sented by a vertical line, reaching not much under sea level. 
C = salt water rising cone, taking place as soon as fresh water drawndown is 
established, (c = drawndown). 

Much salt water—and harmful—is being pumped under such conditions; and 
to avoid it, the fresh water level shall not be lowered too much, preventing large yields 
to be obtained. 


Fig. 2, represents such a situation—a well known one. Here is represented the 
water table (dotted line, upper one) when the well is being pumped, at a rate corres- 
ponding to 1m drawdown. 

A rising cone of sea water is seen, elevating itself, till sea-level. 


se 
ike x n per Se eS 


Fig. 3 


P— M = pump and engine, for fresh water conventional pumping. 

big black arrow: water going to utilization plants. 
r = cock, on pipe 1” diam., delivering a small amount of water to pump p suction 
side, to be pressurized to 25-50 kg/sq cm., and recharged back through tubing T into 
the injector I chamber wich delivers a very strong jet into the lower coned pipe 
open upward and communicating with the filter f. Downward such coned pipe 
Leena ate well diameter. { 

_ The slowed down water jet—thus having acquired high pressure—is directed 
against the uprising salt cone, which, without such a check, would rise much higher 
as te in os rig aene mix with the fresh water. 

_ Lo visualize the system efficiency, compare fig. 3 cone C.a (flattened by the device 
ape with cone C of fig. 2. Salt water escaping the action of the injector jet, is sucked 
ie peor prods by tee injector through filter f. 

. Ja represents the lower end of the well, i.e. the injector. Salt water is represe 
by arrows. Water layer, represented by small circles and points. oe 

(Ireland) 


450 


Fig. 1 and 2 apexes, are not related to a single scale, as h = 1 would correspond 
to S = 40, which condition is not being met. 

It is the fresh water depression cone, due to pumping, which rises sea water, 
non checked by counteracting pressure. 


Fig. 3 suggests a new device (the scope of our pamphlet), giving the advantage of 
a delivery of fresh water larger than that it could be obtained if the sea-water cone 
would be free to rise, the device itself representing a check to such disturbance. 
Therefore, much drawdown can be applied—and consequent larger delivery— 
without admixture with salt water, so harmful to any application. 

The conventional well is seen, the centrifugal pump P, the fresh water filter F, 
the water table surface drawdown c-c. 

In addition, and not conventional, a high-pressure pump p receives a small amount 
of the P pump water delivery, and rising its pressure to about 25-50 kg/sq. cm, rechar- 
ges it back in the well, at a lower level of the fresh water filter F, through a small 
diameter pipe T (1-1.5°’) and the injector I. 

The coned tube, under the injector and separated by it, slows down the injector 
water speed and therefore increases its static pressure, thus allowing the water that 
flows from the well open end at bottom, to depress the sea-water cone (our final goal), 
preventing its rising into the well and largely avoiding its mixing with the fresh-water. 

The presence of water layer solid elements—sands, mostly—, prevents the water 
expanded jet to break the fresh-water-salt-water separation surface (the sea-water 
fresh-water uprising cone). Useful enough, the augmented pressure of the slowed-down 
water, brings about a lowering of such a cone, thus allowing beneficial increment 
of fresh water delivery at pump P, without admixture of salt. In fact, see fig 3 C.a; the 
lowered cone, and compare with fig 2C, the dangerously full erected cone, reaching 
the well bottom). 

In addition the suction action of the iniector, throug filter f intakes the salt water 
that could have escaped the enlarged jet check, and runs it downward, thus separating 
it from the upper fresh one. 

Therefore the freatic water can be more abundantly extracted by pump P than 
it would be possible without such a device. 

Automation could help to the regular operation, if an electronic device started 
and stopped the pump pat proper intervals, according to the action of a cell containing 
water flown from the well, that actuates the pump p starting and stopping switches, 
within an adjustable water electrical resistance differential. 
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SALT WATER INTRUSION OF COASTAL AQUIFERS 
IN THE UNITED STATES 


DAVID K. TODD ; 
Associate Professor of Civil Engineering, University of California, Berkeley 


SUMMARY 


The paper describes the occurrence of salt water intrusion, originating from con- 
nate or oceanic sources, in coastal aquifers of the United States. The present status 
of intrusion in the twenty-three coastal states is reviewed. Mention is made of areas, 
causes, effects, remedial measures, and future possibilities of intrusion. Advances in 
knowledge of intrusion and current research are reported. An understanding of the 
hydrodynamics of the phenomenon is developing. Particularly significant is progress 
in analysis of the formation and maintenance of the interfacial transition zone. 


RESUME 


L’article décrit les situations dans les aquiféres littorales des Etats-Unis, ot se 
présente |’intrusion souterraine d’eaux salées, innées ou maritimes. Les conditions 
actuelles d’intrusion en vingt trois états bordant les océans sont rapportées et les 
régions, les raisons, les effects, les procédés de reméde et la probabilité d’intrusion 
future sont passés en revue. Compte est rendu du progrés dans la connaissance du 
phénoméne d’intrusion et la recherche courante. La compréhension, de l’aspect hydro- 
dynamique s’accroit. Le progrés dans l’analyse de la formation et du maintien de la 
zone transitoire de séparation a été d’une importance particuliére. 


1. INTRODUCTION 


The intrusion of saline waters into coastal aquifers is presently occurring at 
many locations along all of the United States coasts. The problem has become increa- 
singly serious in recent years as demands for water from underground sources have 
expanded. It is the purpose of this paper to summarize the status of intrusion in 
the United States and to review recent advances in the knowledge as well as to indicate 
research in progress. 

Saline water is that water generally considered unsuitable for human consumption 
or for irrigation because of its high content of dissolved solids. The U. S. Public 
Health Service standard for drinking water permits a maximum of 250 ppm chloride 
and 1000 ppm dissolved solids. Irrigation limits exceed these values, but salt tolerances 
vary with crops and other agricultural factors. Rather than restricting intrusion to 
a prescribed salt content, it will here be defined as the occurrence of a salinity which 
markedly exceeds that normally found in a given aquifer at a specified depth. 

In coastal aquifers salt water originates from two primary sources—connate 
water and sea water. Connate water is water remaining in a rock formation from 
the time of deposition. Often the water has been considerably modified from its 
original composition. Increased salinities may result from solution of rock minerals, 
or saline invasions by shifting sea levels. Decreased salinities can result from dilution 
and incomplete flushing by meteoric water. Salinities of connate water vary from 
a minor fraction of that of sea water to several times that of sea water. It is not 
uncommon in layered sedimentary formations to find large variations in salt content 
from one stratum to another, presumably resulting from differences in circulation 
which are affected by stratigraphy and permeability. Sea water most oftern occurs 
in aquifers by entrance through submarine outcrops. Surface sources, which may 
be important locally, include leakage downward around wells, tidal waves, hurricane- 
blown sea spray, and tidal marshes. Special conditions may provide opportunities 
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for intrusion, including sea level canals and regulation of streamflow such that sea 
water may advance upstream in estuaries. 

Intrusion is the increase of salinity in an aquifer resulting from acts of man. 
The most common cause is localized overpumping of wells penetrating coastal 
aquifers. If saline connate waters exist below the pumped aquifer, the reduction in 
pressure can cause an upward migration of poor quality water. For aquifers exposed 
to the sea, pumping can reduce the normal seaward ground water flow to an extent 
that the hydraulic gradient is reversed, causing a lateral advance of sea water inland. 
In permeable oceanic islands underlain by sea water, excessive pumping from basal 
fresh ground water can produce upward coning of sea water to wells. 


x 


2. OCCURRENCE OF INTRUSION IN THE UNITED STATES 


A survey was made of the occurrence of salt water intrusion of coastal aquifers 
in the United States as of 1959. Information was obtained from a review of published 
material and from responses to a questionnaire sent to district offices of the U.S. 
Geological Survey and to state water resources agencies in all coastal states. Signi- 
ficant publications relating to intrusion are listed in references at the end of the paper; 
these supplement those in Todd (2%). 


~~ 


OREGON } aie) ar 


MEXICO KILOMETERS 


Fig. 1 — Location of salt water intrusion of coastal aquifers in the United States. 


One result of the study is the map shown as Fig. 1, which indicates the locations 
of known intrusion. Locations of probable future intrusion were omitted, so that 
each dot on the map shows a location where increases of salinity with time have been 
observed. No distinction has been made as to the source of the saline water; in many 

is known, in others not. ' 
a ts seriously affected by intrusion is Florida, followed by California, 
Texas, and New York. The situation in Florida is produced by a combination of 
circumstances all favoring intrusion. The state is entirely a lowland, being a part 
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of the Coastal Plain occupying the southeastern margin of the United States (19, 1). 
Almost the entire state is underlain by saline artesian waters in permeable limestone 
aquifers. Add to these the lengthy coastal line and the desire for people to live near 
the pleasant coastal beaches. Intrusion is a natural consequence. 

Little direct effort is being made to control intruston, except by a well recharge © 
program at Los Angeles, California. In most instances the only feasible way to handle 
intrusion is to understand the field situation, monitor key wells continually, and 
recommend a pattern and magnitude of ground water pumping which will not induce 
further intrusion. In many instances intrusion has necessitated abandonment of 
wells. This is an unintentional, but also an uneconomical, method of controlling 
the problem. 

The following paragraphs contain a brief summary of the salt water intrusion 
situation in each of the 23 coastal states. 


Alabama: The only instance of intrusion is that at Mobile in an alluvial uncon- 
fined aquifer. The development of closely spaced wells for air conditioning and 
industrial uses, combined with heavy withdrawals in 1941 during construction of a 
tunnel, created a cone of depression which caused entrance of saline Mobile River 
water. Since 1941 about 20 wells have been abandoned or deepened to tap less saline 
waters. Well samples show that chloride concentrations increased from 1941 to 1945, 
but have gradually decreased since then as pumping rates have been curtailed. 


Alaska: Anchorage is the only major coastal city using ground water in large 
quantities. Indications are that continual pumping in the area will reduce ground 
water levels to sea level; hence future intrusion is a possibility. 


California: The lengthy coastline of California combined with the concentration 
of population centers along the coast have produced several localities of intrusion. 
As of 1957 sea water intrusion was a critical water quality problem in nine coastal 
ground water basins (®). Almost all were confined aquifers with salinity increases 
resulting from lateral movement of sea water as a result of overpumping. Continued 
pumping at present rates will permit further encroachment into these basins. In 
addition, 71 other coastal ground water basins are areas of suspected intrusion where 
chlorides exceed 100 ppm. In Santa Clara Valley leakage of saline waters through 
abandoned and defective wells is believed to have caused contamination of a lower 
confined aquifer. 

The most serious intrusion area exists in the West Coast Basin of Los Angeles 
County. In 1904 flowing wells existed in the area, but increased pumping as the 
metropolitan area grew produced the first intrusion in 1912. Today, static water levels 
have declined to 90 feet below sea level, and chlorides exceeding 100 ppm extend 
along a 14-mile coastal front and for an average of 2 miles inland. An experimental 
project to control intrusion in the area was undertaken in 1952 with the drilling of 
nine 12-inch wells at 500-foot intervals along a line parallel to and 2000 feet inland 
of the coast. The wells were recharged with treated Colorado River water containing 
5-10 ppm chlorine. It was found that a total recharge of 4.5 cfs in the 4000-foot reach 
was sufficient to maintain a pressure ridge of the necessary minimum elevation. The 
recharge line has continued in operation since 1953. The well line intersected the wedge 


of intruded sea water so that recharging caused an increase followed by a decrease 
in chloride content as the saline wave moved inland. 


Connecticut: Intrusion is reported at New Haven and Bridgeport, with occur- 
rences mostly in “unconsolidated stratified glacial-drift sand and gravel deposits. 
Intrusion extends inland for a maximum distance of 3000 feet. Salt water has caused 
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abandonment of some industrial wells with replacement water supplies coming from 


increased purchases of municipal supplies. Studies are underway in the New Haven 
area. 


Delaware: Localized salt water contamination has occurred at six locations, 
including New Castle, Slaughter Beach, Lewes, Rehoboth Beach, and Fenwick 
Island. Intrusion occurs in unconfined Coastal Plain sediments with the salt residuals 
dating from the Pleistocene epoch. The area involved is not large and probably can 
be confined to a strip a mile wide or less along the coast. Intrusion has resulted in 
abandonment of several municipal wells, requiring location of new ones further 
inland. Efforts to abate increases in salinity by reduction of pumping have been made 
at three well fields. A serious potential danger exists near the Chesapeake and Delaware 
Canal. The canal crosses the outcrop of an extensive fresh water aquifer. Enlargement 
of the canal together with progressive industrialization of the area could result in 
migration of sea water down dip to this aquifer. 


Florida: Intrusion is occurring in 28 specific locations along the coast of Florida (). 
Limestone aquifers cover most of the state, while connate or residual salt waters 
underlie the entire state. The chief cause of intrusion is excessive pumping of ground 
water in the heavily populated coastal areas; however, other causes include excessive 
drainage of inland areas, lack of protective works in tidewater channels, improper 
well locations, and leakage through wells. The intruded areas result from saline 
contamination by lateral movement of sea water or by coning of salt water from 
below; in some areas it is not known which is the source of salinity. 

To date some 18 municipal water supplies have been adversely affected. The 
first intrusion occurred at Tampa in 1924. Three municipal well fields in the Miami 
area have been affected since 1925. In most instances the remedy has been the construc- 
tion of new well fields with reduction or abandonment of old fields. 

In the Miami area intrusion has long been a serious problem (1%). The intrusion 
first resulted from construction of interior drainage canals which lowered the water 
table both inland and along the coast. Subsequently, enlargement of the Miami 
Canal permitted invasion of saline water by tidal action for a distance of 10 miles 
upstream during a drought in 1939. In this and other canals in the area, salt water 
has entered the aquifers and formed fingers extending inland adjoining the canals. 
Intrusion was halted by installation of control dams. The salt-fresh water front has 
been stabilized since 1946. 

Over the past 25 to 30 years salting of municipal well fields has been one of the 
foremost water problems in the State. Municipalities large enough to finance large 
water supply projects have solved the problem by building pipelines and relocating 
well fields up to 40 miles away from the coast. In some cases smaller towns have 
joined together or arranged to be served by a larger city. Smaller communities, unable 
to finance long pipelines, are faced with problems of using water in excess of 250 ppm 
chloride or using marginal supplies. In places restrictions on water use prevent growth 


of communities. 


Georgia: At present no intrusion has been reported along the coast. Studies of 
possible future contamination are underway in the Savannah area, where the cone 
of depression has extended northeastward to a point where the confined limestone 


aquifer outcrops on the ocean floor. 


Hawaii: As the Hawaii Islands consist of largely permeable volcanic rocks, sea 
water underlies all of the islands with basal fresh-water lenses superposed. Pumping 
during this century on Oahu has lowered the water table 10-15 feet and produced 
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a marked rise in the sea water interface in accordance with the Ghyben-Herzberg 
relation. Encroachment of salt water is continuing in the Honolulu area but has not 
advanced to a serious stage. Increased salinities have also been noted at locations 
on Maui. Much of the fresh water development on the Islands is by horizontal wells 
which skim off the upper fresh waters and give a minimum disturbance of deeper 
saline waters. 


Louisiana : The coastal plain aquifers show no evidence of hydraulic connection 
with the Gulf of Mexico (*). Connate waters, however, have migrated up dip, resulting 
in contamination of ground water supplies in cities of Lake Charles and New Orlean 
It is estimated that the northward movement of water in these aquifers is slow—the 
order of 10 to 50 feet per year. Contamination in the two metropolitan areas is 
aggravated by the upward movement of saline water in the piezometric cones created 
by concentrated pumping. Sea water intrusion is occurring in the areas adjoining 
the lower portions of Vermilion and Atchafalaya Rivers. During dry years sea water 
migrates upstream by tidal action. At the same times wells recharged by the rivers 
are pumped for rice irrigation in the area. Intrusion resulted in 1951 from this com- 
bination of circumstances, and it is expected to recur in the future. 


Maine: No intrusion is reported along the coast. In general, there is little industry 
having wells situated along the coast and few coastal towns withdraw public water 
supplies from wells. 


Maryland : The principal locations of encroachment are in the Baltimore, Aber- 
deen, and Chrisfield-Westover areas. High chloride contents have been encountered in 
a few domestic jetted wells in the Solomons Island area of Calvert County; however, 
contamination is local and believed to result from downward movement of brackish 
water along the outside of casings in wells near the shore line. 

Salt water contamination exists in the Baltimore area from entrance of saline 
water through outcrops of confined aquifers in the Patapsco River estuary and from 
leakage of salty water from shallow formations down abandoned or faulty wells 
into deeper fresh water aquifers. The latter cause is the most serious difficulty. As 
shallow wells are abandoned in favor of better quality water in deeper aquifers a 
large pressure gradient develops toward the lower strata. Salt water is forced down 
operating wells when casings are perforated by corrosion or when external casing 
seals are broken. There is evidence of leakage in every large group of wells in the area. 
Contamination is worse where abandoned wells are most numerous; many of these 
were left unsealed and have become permanent sources of leakage. 


Massachusetts : Salt-water encroachment is not significant along the coast. 
Three localized instances of intrusion are reported. At Provincetown a group of 
shallow wells in unconsolidated deposits 800 feet from the sea became saline from 
heavy pumpage. The wells were abandoned and new ones constructed farther inland. 
The town of Scituate has a well tapping an unconfined aquifer located 500 feet from 
a salt marsh. Heavy pumping produces a rise in the chloride content of the water; 
the difficulty is overcome by reducing pumping to a rate which does not increase the 
salinity. At Somerset water from a shallow well 200 feet from a tidal stream becomes 
salty when unusually high tides bring sea water near the well. The well is only pumped 
when quality is satisfactory, replacement water is pumped or purchased elsewhere. 


Mississippi : Although connate waters underlie the entire coastal plain of the 
state, intrusion is occurring only to an insignificant extent (2). At Moss Point salt 


water is pumped from a localized gravel formation at a depth of 155 feet. This is 
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attributed to a connection to the Pascagoula River estuary. Recent increases in pum- 
page and reductions of ground water levels to sea level suggest that intrusion may 
soon develop in the Pascagoula and Biloxi areas. 


New Hampshire : Minor encroachment of salt water in recent years has been 
noted along the coast and along the lower reaches of Piscataqua River, primarily 


as a result of heavier pumping of wells. 


New Jersey : Salt water contamination has reached some of the municipal wells 
of Atlantic City. Abandonment of wells and replacement by new ones has been 
necessary. The rapidity of the increase in salinity suggests, after investigation, that 
salt water enters the confined aquifer through openings in the overlying clay beneath 
the salt marshes and through openings in stream bottoms in the area. Heads in deeper 
aquifers are below sea level, suggesting that more intrusion can be expected in the 
future. 

Intrusion was noticed in the Sayreville-Parlin area after construction in 1929 
of a nearby canal which provided direct access of salt water into a confined aquifer 
heavily pumped for industrial supplies. Test wells showed salinity advancing at a 
rate of about 900 feet per year. Salt water has appeared at Newark because of exces- 
sive pumping and exposure of the aquifer by dredging of ship channels in the Passaic 
River. Encroachment is occurring around the Raritan Bay area and along the south- 
east coast between Atlantic City and Cape May. Localized increases in salinity are 
reported at industrial sites bordering the Delaware River below Camden. 

A proposed sea level canal across central New Jersey from the Delaware River 
would introduce saline water into the Raritan-Magothy aquifer which would have 
detrimental effects on public water supplies of Perth Amboy and Duhernal. 


New York: Intrusion is concentrated in the coastal plain sediments of Long 
Island as a result of overpumping (11). In Brooklyn, at the western end of the island, 
serious contamination has resulted in shallow and deep aquifers. The seriousness of 
the situation led to passage of a water conservation law in 1933 which required that 
ground water pumped for industrial cooling purposes be returned to the aquifer 
from where it was taken. Municipal water sources from underground were entirely 
abandoned by 1947 to be replaced by upstate surface water supplies. Since then the 
cone of depression occupying the area has filled so that today gradients are now 
seaward in most localities. The salt water is presumed to be moving seaward although 
no appraisal of recent data has been made. 

Along the southern coast in the western third of the island, intrusion is occurring 
in three different formations. Chloride contents are increasing slowly; the advance of 
salinity probably is less than 100 feet per year (44). This area is now being studied. 
Intrusion is also occurring along the northern coast in this part of the island. Some 
localized contamination of shallow wells is known to be occurring in northeastern 
Long Island, principally from seasonal pumping of wells adjacent to salt-water marshes 
for supplemental irrigation. 


North Carolina : Intrusion is occurring in 6 metropolitan areas along the North 
Carolina coast. Points up to one mile inland have been affected. A total of 15 domestic 
and municipal wells have been abandoned in favor of supplies from deeper and more 
inland uncontaminated aquifers. Abandoned wells have been located in areas adjacent 
to tidal estuaries; overpumping has resulted in interception of saline water. Chloride 
monitor wells have been established on Bodie and Hatteras Islands to provide a 
basis for adjusting pumping rates of the limited ground water supplies available. 
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Oregon : Development of permeable alluvial deposits along the Oregon coast is 
only now getting underway; therefore, no intrusion has been reported. Precautions 
against inducing movement of sea water or connate water in tertiary rocks toward 
wells are being taken in the form of selective pumpage and recharging with diverted 
surface water. 


Rhode Island: Small instances of intrusion have been reported in unconfined 
aquifers in the Providence area and at Warren. Four industrial wells have been aban- 
doned at Providence with alternative water coming from municipal surface water 
supplies. Intrusion is regarded as a serious potential problem if development of 
ground water resources is increased in the future. 


South Carolina : Extensive intrusion is reported in the rural areas of Beaufort 
and Parris Island at the southern extremity of South Carolina. Salinity is attributed 
to entrance of sea water as a result of pumping in the flat coastal plain containing 
large areas of salt marshes. Heavy pumping in the Savannah area may be aggravating 
the problem. Contamination has led to abandonment of 25 or more wells supplying 
a military base and domestic needs. Replacement wells have been located further 
inland. Efforts to limit intrusion have included dispersing new well fields and reducing 
pumping rates. Studies of intrusion are in progress in the general area affected. Less 
critical encroachment exists in the Charleston and Georgetown areas. 


Texas: Intrusion is occurring in the Galveston, Texas City, Houston, and the 
Beaumont-Port Arthur areas of Texas. Salt water remains in the confined Coastal 
Plain sediments, with salinities increasing down dip toward the Gulf. The lateral 
migration of salt water up dip in fresh-water formations is producing the intrusion 
along the Texas coast. Galveston found it necessary to obtain its water supply from 
wells on the mainland, but tests indicate that even these wells are being contaminated 
and so the city has drilled new wells further inland (15). Texas City industries are 
meeting a similar problem by shifting from wells to the Brazos River for their water 
supplies. The pumping cone around Houston is drawing saline water up dip (2%). 
The movement is slow; at present increases in salinity have been observed only in 
deep test wells. In the Beaumont-Port Arthur area intrusion has occurred to such an 
extent that pumpage has been reduced to 5 per cent of its former value. 


Virginia: Limited intrusion has resulted from underlying connate waters. At 
one location in Warwick County wells tapping confined aquifers were overpumped 
during a drought. Chloride contents increased, either from migration of water up dip 
or from upward movement from greater depths. A group of 5 shallow coastal wells 
used for air conditioning in Newport News became brackish and their use was discon- 


tinued. Similarly, 18 shallow wells supplying the town of Cape Charles were abandoned 
in favor of deeper inland wells. 


Washington: Most water supplies for populated portions of the coast come from 
surface sources; hence intrusion is not occurring at present. As part of a continuing 
program of evaluating the ground water resources of the State, attention is being 
given to potential intrusion areas. The Washington Ground Water Code provides 


authority for preventing salt water contamination by controlling permits for new 
wells and well specifications. 
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3. ADVANCES IN KNOWLEDGE OF INTRUSION 


The inadequacy of the Ghyben-Herzberg principle for describing the geometry 
of coastal intrusion is now generally recognized. Studies in recent years have concen- 
trated on the flow patterns of the fresh and salt waters, on the structure of the inter- 
face, and on the effects of external influences such as tides, pumping, and recharge. 

Through the efforts of several investigators a clear picture is emerging of the 
hydrodynamic equilibrium involved. One concept now well established is that salt 
water disperses upward into the interfacial transition zone as a result of fluctuations 
produced by external influences and is then transported seaward by the fresh water 
flow. This induces a slow landward flow in the salt water body to maintain the hydro- 
dynamic equilibrium. In 1927 Nomitsu (27, Ref. 2°) with two of his students first 
postulated this circulation system. Much later, in 1951, Senio (17, Ref. 32) analyzed 
field data of Toyohara (1’, Ref. 4°) and suggested the same flow pattern. More recently 
Carrier (°) in an analytic treatment of the problem stated that the recirculation system 
is the only acceptable flow distribution. Shortly afterward Cooper (*) suggested the 
same circulation based on a study of field data from Hawaii and Florida. Interestingly 
enough, each of these four investigators apparently recognized this flow pattern 
independently as none refers to the work of any of the others. It would be appropriate, 
and convenient, to recognize this salt water flow system as the Nomitsu circulation. 

Recent contributions on dispersion in porous media make it clear that this 
process of miscible fluid displacement accounts for the existence of the transition zone 
whereas diffusion alone cannot. The early work of Kitagawa, summarized in his paper 
of 1939 (9), outlined many of the concepts of dispersion known today. The rinsing 
hypothesis of Wentworth (2’, Ref. 44) for formation of the transition zone was another 
way of describing the effect of dispersion. The first comprehensive analytic treatment 
of the transition zone for two-dimensional flow has been carried out by Carrier (°). 
Beginning with a modification of Wentworth’s hypothesis, he derives an equation 
for the salt distribution of the transition zone. The result is expressed as functions 
of a time and spatially varying velocity field and an effective diffusivity (actually 
dispersion). Interpretation in terms of actual aquifers remains to be done. 

The thickness of the transition zone depends upon four variables: an unsteady 
fresh water flow field, the tidal pattern, permeability, and dispersion. As the relations 
among these parameters are established, it seems reasonable to expect that the wide 
range of transition zone thicknesses found in different coastal aquifers can be shown 
to be special cases of a general solution. 


4. CURRENT RESEARCH IN THE UNITED STATES 


Recent recognition of the magnitude of salt water intrusion in the United States, 
together with the realization that the problem will enlarge in the future, has stimulated 
research efforts. Studies are being conducted by the U. S. Geological Survey, by 
state and local agencies, and by universities. Both laboratory and field investigations 
are underway. The major programs are briefly noted in the following paragraphs. 

The encroachment problem on Long Island is being studied by N. J. Lusezynski 
of the U. S. Geological Survey. Analytic studies concern the hydraulic conditions of 
the fresh, transition, and salt water zones in the Long Island environment. Field data 
from observation wells enable analyses to be checked and provide a basis for recom- 
mending water management practices. 

A field investigation of intrusion in the Savannah area of Georgia and South 
Carolina is being conducted by H. B. Counts of the U. S. Geological Survey. Test 
wells have been installed to collect lithologic and water quality data. 
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The major experimental effort to control intrusion is being continued by the 
Los Angeles County Flood Control District on the west coast of Los Angeles County, 
California. A barrier in the form of a continuous pressure ridge was created by injecty 
chlorinated imported water into the affected aquifer through a line of recharge wells. 
parallel to the coast. The pressure ridge has been successfully maintained since 1953. 
Engineering and geologic studies are now being conducted to determine the feasibility 
of extending the barrier to protect the entire 11-mile coastal boundary of the basin. 

The fresh-salt water distribution in the Hawaiian Islands is being examined by 
the U. S. Geological Survey. Field data are being collected to assist in evaluating 
the dynamics of the Ghyben-Herzberg system. The study will attempt to determine 
the relation of fresh water storage to island geology, rainfall, head, tidal fluctuations, 
leakage, and draft. Companion papers describe some findings of this research program. 

The most comprehensive research program of intrusion by the U. S. Geological 
Survey is that being conducted in southern Florida under the direction of H.H. Cooper, 
Jr. The investigation is concerned with the dynamics of intrusion, the structure of the 
transition zone, and the effects of external forces such as tides. One phase of the 
study is concerned with the collection of valuable field data near Miami, Florida, 
from a group of specially constructed wells which enable point measurements of head 
and salinity to be made through a vertical cross-section of aquifer normal to the 
coast. A second phase covers theoretical studies of tidal action and dispersion on the 
formation and maintenance of the transition zone. The third phase, being studied 
by A. I. Johnson in Denver, Colorado, consists of laboratory model studies to confirm 
and extend results obtained from the field and analytic portions of the investigation. 
A companion paper describes this research program. 

An analytic study of steady two-dimensional fresh and salt water flows in con- 
fined aquifers is being conducted by H. R. Henry of Michigan State University. 
Equations for the location of the interface and for boundary velocities for several 
boundary conditions assuming immiscibility have been derived (®). The work is being 
extended to include effects of dispersion and tidal action. 

A research program on salt water intrusion is being carried out in the Hydraulic 
Laboratory of the University of California, Berkeley. One phase, involving a new 
analytic treatment of the simultaneous flows of two fluids, has been developed by 
G. de Josselin de Jong (8). The method consists of replacing the two different fluids 
by one hypothetical fluid and introducing vortices along the interface where the change 
in fluid properties occurs. The magnitude of vorticity is chosen such that the specific 
discharges in the hypothetical fluid are everywhere identical to the specific discharges 
in the actual fluids. The flow in the hypothetical fluid can be determined by potential 
theory from the transformed boundary conditions and from singularities at the 
vorticity points. The result is valid for any point in the entire field irrespective of the 
fluid present. A corollary of the vortex theory enables two-fluid flow problems to be 
studied in electric analogy models. Verification tests in electric analogy and viscous 
fluids models are being completed. A second phase, being studied by J. Bear, concerns 
the hydrodynamics of the transition zone. Analytic expressions taking into account 
dispersion, tidal action, and seasonal influences on aquifers are being developed for 
two-dimensional aquifer conditions. Model verifications will complete the study. 
The third phase of the program is an analytic study of the hydraulics of fresh and 


salt water flows particularly as they apply to the shape of the interface under coastal 
aquifer conditions. 
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UNDERGROUND DISPERSION OF 
MISCIBLE LIQUIDS 
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RESUME 


L’intrusion d’eau salée dans les nappes aquiféres dans les zones cdtiéres et dans 
les zones voisines des estuaires est un cas de la dispersion souterraine des liquides 
miscibles. La théorie de cette dispersion est présentee dans une forme générale qui 
peut étre appliquée au calcul de l’infiltration sous des conditions géométriques 
arbitraires. I] est démontré que la théorie proposée améne a un écart moyen quin’excede 
pas 3 pour-cent. Quelques solutions des équations différentielles sont données pour 
des cas simples. Enfin, la méthode qui doit étre suivie pour le calcul d’un cas compliqué 
est indiquée. 


SUMMARY 


The intrusion of salt water into coastal and estuaric aquifers represents a case of 
underground dispersion of miscible liquids. In the present paper the theory of this 
dispersion is presented in a general form which makes it applicable to a calculation of 
the intrusion under arbitrary geometric conditions. It is shown that the proposed 
theory leads to a mean error of not exceeding 3 per cent. Some solutions of the dif- 
ferential equation are given for simple cases. Finally, the method which has to be 
followed for the calculation of a complicated case is indicated. 


1. INTRODUCTION 


The hydraulic problem of determining the dispersion of a liquid entering a 
porous medium which contains another fluid miscible with the first, is of great 
importance with regard to many applications in geophysics. Such applications include 
the infiltration of salt water into aquifers in coastal and estuaric areas, the hydrology 
of disposal of radioactive substances into pervious strata and the flow of different 
types of hydrocarbons in underground reservoirs. 

It is particularly with regard to the contamination of aquifers by salt water in 
coastal areas that a general theory of the miscible displacement process is required. 
This is so because the geometry involved in saline infiltration is generally very complex 
so that simplifications applicable under less complicated conditions (such as are 
obtaining in wells) are usually no longer feasible. 

A possible theory of miscible displacement in porous media was suggested by 
the writer at the last meeting of the Association of Scientific Hydrology (Scheidegger, 
1957). Since that time, some progress has been made. First of all, it is now possible 
to write the theory in a far more general form than previously. Tests have been made 
to ascertain the confidence limits of the theory and it can be shown that indications 
are that the latter is satisfactory for practical purposes. Some solutions of the 
displacement equations for simple geometrical conditions have been obtained. Finally, 
it can be shown that a general scheme can be set up which allows, in principle, compli- 


cated geometrical cases, such as the infiltration of salt water on a real coast, to be 
computed. 
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2. GENERAL DISPERSION THEORY 


During the displacement of a fluid contained in a porous medium by another 
which is miscible with the former, mechanical dispersion is the predominant 
phenomenon, provided that the two fluids are of approximately equal density and 
viscosity. This, for instance, corresponds to the case which is applicable in saline 
infiltration into aquifers in coastal and estuaric areas. In principle, dispersion 
represents a process which has the same phenomenology (but not physical origin) 
as molecular diffusion. Therefore, as has been shown earlier (cf. e.g. Scheidegger, 
1957), it can be described by the superposition of a diffusivity equation in the center 
of mass system upon the bulk mass transport equations. The parameter entering 
into the diffusivity equation is an empirical quantity which has been called «factor 
of dispersion». It is a tensor, since transverse dispersion may differ from longitudinal 
dispersion. 

Heretofore, the above principle has been applied only to linear systems since 
it is, off-hand, not quite clear how one should define the center-of-mass system in 
a three-dimensional case with converging and diverging flow lines. However, if 
applications, e.g. to coastal aquifers, are intended, a proper formulation of the 
three-dimensional case is essertial since the geometry that is involved, will, in 
general, preclude simple flow patterns. 

We thus assume that the bulk flow equations have been solved. Let us denote 
the Cartesian coordinates of each fluid «particle» at t= 0 by &,, where @ is an - 
index that can assume the values 1, 2 or 3. The values &, then serve to fix the fluid 
particles under consideration; —the correspond to the «parameters» in finite strain 
theory (cf. e.g. Scheidegger, 1956). The coordinates xi(i = 1, 2, 3) of the «particle» 
&, at time T are then given by 


xi = xi(Ep 7) (2.1) 


where the x; are known functions that have been calculated by an integration 
of the bulk flow equations (i.e. the equations corresponding to Darcy’s law, the 
continuity condition and the equation of state of the fluid). If there are no sources 
or sinks, we can invert Eq. (2.1) and obtain 


Eo = & (a, (2.2) 


The quantity T is the parameter—time generally set equal to ¢. If there are sources 
or sinks, an s-environment must be defined to get rid of the singularities; the remaining 
x or & field is then regular, and if one of the two functions xi(&,, 7) and &, (xi, 1) 
is known, the other can be calculated. 

The theory of miscible displacement then stipulates that the concentration c 
of the one fluid in the other is described by a diffusivity equation with a mass transport 
term; the latter is (cf. Jost, 1952, p. 46) 


dc m) oc 0 
— =— | Dik — }] — (vic) (23) 
ot XE OX; Oxi 
where the summation convention has been used. The pore velocity vi is given by 
Ox 
vist ade (2.4) 
oT 


and is, if x:(&,, 7) be known, a known function of &, and 7. Similarly, the «factor 
of dispersion» Dix is, in its: general form, a known tensor that may depend on ¥. 


Thus, like v;, it is a function of the &, and T. 5; 
The form (2.3) of the diffusivity equation given above is awkward to deal with 
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because functions of x and functions of & are mixed up together. Thus, let us 

introduce the variables € and t throughout. Then we have for the left and side of 

(2:3) Ginn) ’ 
d dc 0 r) 
Oe eee ~ aa 
OF Oe eh ar 


For the individual expressions of the right hand side (again note that tT = ft so that 
OT/0xXK =O) 


ri) dc 0 iS dc dé, 

OXK on OX "i OxK v&, OX 26 
> fy, 2¢ 2a) Ee, ois 
dg DE, Oxi) OxK” 

rn) 0&2 
HOR f — — : 231, 
mena SEpveds 2s (2.7) 
Thus equation (2.3) becomes 
de dc 0& 0 doc 0 r) ry) m0) 
od bie ceremeeine, ot pas Gitte CT ge bn (40) oot, (2.8) 
oT og, oT og, og Ox; | OXK & OX; 
However, we note that of this only the expression 
oc m) de E&\ dé 
ES pe eh (2.9) 
oT dg, d&, dx] OxKE 


remains as the other terms add up to zero. For, one has 


dc 0 ry) ny) oc 0 i 
28 2, + —— (yj0) Sa gros” Say ‘amy doe 
vg Often Dey OX: 0&, or v& oT) Ox 


dc dé, Ruy d€, Ime _ de 6, 


0& or d&,0T OX: oT & OX; 
_ oc e wt ae) OX; 2x; vg, 
SS) (ibe fe c ae 

v&, or Ox; OT 0&, oT OX; 
a oc ae, anh | rn) OX ”) Ox; (ie, 

dE, oT dxi\ OT It\ dt] Ix 
bse v2 x; ri) ? 

OT OX; A eas ie 


as was claimed above. Thus, the equation (2.9) represents the «diffusivity» equation 
in the «center of mass system». The latter is nothing but the space of the parameters. 
We note that, in equation (2.9), the term v& pl Xk can be pulled through the 


differential operator 0/d&, since this term do 
es not depend on &. Th 
fundamental equation f : 5. Thus, we have as 


Ye = fE v&, 9 
et 2D = (2.10) 


dt dE, lIx~ dx; dE, 
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(2.11) 


we end up with 


: If we now write 
! 
i 


dc rn) ¥ dc ep 
wT (dE, oP YE, (2.12) 
which shows that in parameter space (this corresponds to the «center of mass 
system») one has to solve a diffusivity equation with a factor of dispersion as cal- 


culated from (2.11). Since it has been assumed that x; ie t) represents a set of knwon 
functions, this can be done. 


3. SOME SIMPLE SOLUTIONS 


In order to get a visualization of the above theory, it is of interest to investigate 
some simple solutions of the differential equations. Such solutions have been obtained 
progress of a miscible front through an infinite lineat porous medium and for the 
progress of a miscible front through a semi-infinite linear porous medium. We shall 
discuss these cases in their turn. 


Progress of a Slug through an infinite linear porous Medium 


Let us consider an infinite linear porous medium (linear coordinate x) in which 
an overall displacement in the + x direction is taking place at the (constant) pore 
velocity vp. At time ¢t = 0 there is a slug of contaminant present at x = 0. The 
problem, then, is to find the distribution of concentration at time ¢. 

The solution for the above case is well known from the study of diffusion. It has 
been applied to the present case, e.g. by the writer (Scheidegger, 1958). It is 


1 (x — Vp t)? 
= : 3.1 
c exp ( cnr (3.1) 


4/4 Dt 


A graph of this solution is shown in Figure 1. 


X-Vpt 
Fig. 1 — Progress of a slug through an infinite linear porous medium. 
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Progress of a Front through an infinite linear porous Medium 


We now consider again an infinite linear porous medium (linear coordinate x) 
in which, again, an overall displacement in the + x direction is taking place at the 
(constant) pore velocity vp. However, we now assume, that at f = 0 there is a front | 
between two miscible substances present at x = 0, and the problem is to find the 
distribution of concentration at time f. 

The solution for the above case is again well known from the theory of diffusion. 
It has been applied to displacement processes in porous media, for instance, by the 
writer (Scheidegger, 1958). It is 


i Ae xX—Vpt . 
oe er. [| = . (332) 
pe? ( 


t 0.5 
ce] 
-2 a oO ’ 2 
(X=Vpt) /(401 4? > 
Fig. 2 — Progress of a front through an infinite linear porous medium. 


Progress of a Front through a Semi-infinite linear porous Medium 


The above solutions of the differential flow equations have one very important 
characteristic feature: They are all symmetrical about the mean concentration of 
the fluid under consideration. This is a consequence of the porous medium being 
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Fig. 3 — Progress of a front through a semi-infinite linear porous medium. 
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infinitely long. In practice, however, a porous medium cannot be made infinitely 
long. One will, in general, inject fluid of a certain kind at one end at x = 0 and 
observe its intrusion into a linear porous medium. It is then to be expected that the 
shape of the front will be asymmetrical in such an experiment, simply because the 
boundary conditions are asymmetrical. 

The analytical solution for the present case can no longer be effected very 
easily (one has to use higher transcendental functions). The solution has therefore 
been obtained on an analogue machine (Scheidegger and Larson, 1958); a represen- 
tative result is shown in Figure 3. 


4. ACCURACY OF THE DISPERSION THEORY 


After a general theory of the underground dispersion of miscible liquids has 
been postulated, one is immediately faced with having to ascertain its accuracy. 

Experimental tests of the applicability reported in the literature of the diffusivity 
equation to miscible displacement, have yielded the result that this equation describes 
the processes qualitatively correctly. At low flow rates the constant D occurring in 
the diffusivity equation-is equal to the molecular constant of diffusion, at higher 
flow rates it is greater as it is a function of the amount of mixing caused by the inter- 
connections of the flow channels in the porous medium (see Terry, Blackwell and 
Rayne, 1958). 

In consequence of the observation that the diffusivity equation describes miscible 
displacement qualitatively correctly, various experiments have been performed to 
determine the relevant diffusion constants. Most of these experiments assume a priori 
that the diffusivity equation is the proper equation. A summary of the various 
techniques has been given by Ebach and White (1958) and an evaluation of a set 
of published displacement data in terms of the corresponding diffusivity constants 
has been provided by Aronofsky and Heller (1957). 

Although the diffusivity equation does seem to give generally correct results 
if used to describe flow through porous media, Aronofsky and Heller (1957) noted 
in their discussion of the equation that published experimental tests appear to indicate 
that there are, in fact, minor deviations from the predicted values. Therefore, experi- 
ments that might be examined for testing the diffusivity equation were performed 
at the Sun Oil Company Laboratory in Richardson, Texas, and were evaluated by 
Imperial Oil Limited in Calgary (see Scheidegger, 1959). 

The experiments were conducted on a linear system using fluids carefully 
matched as to viscosity and density. At the outflow end of the system, the capacity 
due to the dielectric property of the effluent fluids was monitored from which the 
composition could be calculated. In order to avoid any interference from a possible 
dependence of the factor of dispersion on the overall displacement velocity, the 
latter was carefully held constant. Age 

The experimental data were then evaluated. Assuming that the diffusivity equa- 
tion does describe the displacement process correctly, the appropriate integral was 
obtained and the one unknown parameter in this integral (the factor of dispersion D) 
was calculated for each run by a least squares method. After this parameter had been 
determined, it was possible to calculate theoretical values for the concentration 
corresponding to each time instant, and to compare this with the actually observed 
concentration. The fit between «theoretical» and «observed» values for the concen- 
tration, then, is indicative of the accuracy of the diffusivity equation. 

It is to be anticipated that there will, in general, be deviations of the «calcu lated» 
values from the «observed» ones. The root-mean-square deviation has been calculated 
for each displacement experiment. The mean of all the root-mean-square deviations 
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is 0.0337 which must be considered as the standard error in displacement experiments 
of the type at present under discussion, if the latter be compated with the diffusivity 
equation. In turn, the value of 0.0337 can be considered as the standard error to be 
expected if the diffusivity equation is applied to a miscible displacement process. — 

A closer inspection of the deviations between calculated and observed values 
of the effluent concentration shows that the deviations are systematic. The signs of 
the deviations are of such a nature that the calculated values lie below the measured 
ones for small times; at the half-way mark the calculated curve always lies above 
the measured values, and at the end of the process it lies again below the observed 
concentrations. A typical curve is shown in Figure 4. 
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Fig. 4 — Comparison of calculated and measured values of i 
the concentration 
of the effluent in a typical displacement experiment. 


It is difficult to speculate as to the cause of these systematic deviations. It stands 
to reason that there is an effect occurring in the experiments which is not properly 
accounted for by the integral of the diffusivity equation upon which the camparison 
was based. One possibility is that the boundary conditions used are not those that 
were prevalent in the experiments; for the calculations, it has been assumed that 
the linear porous medium extends to plus and minus infinity, whereas in reality a 
constant concentration is injected at one point. However, this possibility has been 
discussed by Scheidegger and Larson (1958) and it has been shown that the deviation 
from the usual solution should be exceedingly small for average factors of dispersion 
Moreover, the deviation should become smaller the smaller the factor of dispersion is, 
and it should also decrease with increasing core length. Since no correlation Banvees 
the observed deviations and either factor if dispersion or core length was found, 


cem, . noted, thou h, that 
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All that can be said, therefore, is that experiments to date confirm the diffusivity 
equation up to a standard error of 0.03. The deviations are systematic which appears 
to point towards an additional, hitherto unknown effect. 


5. CONCLUSION 


The exposition in the present paper has shown that the dispersion theory gives 
a satisfactory description of miscible displacement processes in porous media. The 
theory has been written in a general form so that computations of actual cases become 
feasible. 

Let us recapitulate the procedure that has to be followed in the analysis of a 
general case. 

1. First, the macroscopic velocity field has to be calculated from the prevailing 
boundary conditions, assuming the two miscible fluids as dynamically identical. 

2. From the velocity field, the equations of motion of any one fluid «particle» 
(i.e. Eq. 2.2) can be calculated by an integration. 

3. The basic equations of dispersion can now be written down in terms of the 
parameters (i.e. Eq. 2.12). The factor of dispersion occurring therein (a tensor) 
must be calculated from measured values of the factor of dispersion Dx (where note 
should be taken that the latter may be a tensor, too). The factor of dispersion will, 
in general, depend on the local velocity components. 

4. Integration of the equations of dispersion will yield the distribution of 
concentration with time. 

As may be seen, the above procedure is rather tedious and lengthy, but it ought 
not to be beyond the capacity of modern electronic high-speed computing equipment. 
For simple cases, the procedure can even be carried out analytically or by analogue 
machines, as was shown in Sec. 3 of this paper. The errors inherent in the theory 
should not exceed 3°% (as shown in Sec. 4 of this paper). However, computational 
errors, of course, may be bigger. 

In conclusion, the writer wishes to acknowledge his indebtedness to the manage- 
ment of Imperial Oil Limited for releasing the present study and for making its 
presentation in Helsinki possible. He particularly wishes to thank Messrs. E.D. Wil- 
son, Manager of Producing Research and J.W. Young, Manager of the Production 
Research and Technical Service Department of Imperial Oil Limited for the 
encouragement which they afforded to him in his scientific endeavours. 
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QUALITATIVE HYDRODYNAMICS WITHIN AN 
OCEANIC ISLAND* 


FRANK N. VISHER ~ 


U.S. Geological Survey, Honolulu, Hawaii 


SUMMARY 


Fresh ground-water bodies floating on sea water within an oceanic island have 
ellipsoidal upper and lower surfaces. The positions of the surfaces relative to sea level 
depend on the difference between densities of the fresh and sea waters and on the 
amounts of fresh and sea water circulating through the island. Marked changes in the 
positions of the upper and lower surfaces occur with changes in the rate of recharge 
to the fresh water body. These changes are accentuated if the movement of salt water 
into or out of the island is restricted by poorly permeable deposits on the ocean bottom. 

Full determination of the positions of the upper and lower surfaces of the fresh- 
water body and of changes in circulation that occur in the fresh and sea water would 
require a large number of piezometers in both fluids. However, local changes in the 
position of the surfaces of the fresh-water body can be determined approximately by 
the use of one piezometer extending into sea water in combination with one in the 
fresh-water. The records from a well and from a sea-water piezometer extending 
through the seaward edge of the fresh ground-water body in southern Oahu, Hawaii, 
indicate thickening and thinning of the fresh-water body in response to changes in 
draft, and drought-induced long-term thinning of the fresh-water body that is not fully 
indicated by records of the upper surface of the fresh-water alone. 


RESUME 


Les masses d’eau douce souterraine qui flottent sur l’eau salée d’intrusion dans 
une ile océanique ont les surfaces supérieure et inférieure convexes. Les positionr des 
deux surfaces par rapport au niveau dela mer dépendent de la différence de densité 
entre l’eau douce et l’eau salée qui circulent dans I’ile. De grands changements de posi- 
tion se produisent avec les changements de taux d’apport de l’eau de pluie dans la 
masse d’eau souterraine. Ces changements sont plus accentués quand des couches 
peu perméables du fond de l’océan limitent le passage de l’eau de mer qui coule vers 
Vile ou qui en sort. 

Pour déterminer les positions exactes des surfaces supérieure et inférieure de la 
masse d’eau douce et les changements de circulation produits dans l’eau douce et 
dans l’eau salée, il faudrait un grand nombre de piézomeétres dans les deux liquides. 
Cependant en employant un seul piézométre plongé jusque dans l’eau salée en con- 
fonction avec un autre placé dans l’eau douce, on peut déterminer approximativement 
des changements de position localisés des surfaces de la masse d’eau douce. Des ob- 
servations relevées d’un puits et d’un piézométre a eau salée qui passait A travers le 
cote aval d’une masse d’eau douce (cété sud de Vile d’Oahu, archipel des Hawai) 
indiquent que la masse d’eau douce devient plus mince ou plus épaisse selon les chan- 
gements de la quantité d’eau éliminée par les puits et les sources, et qu’une période 
de sécheresse amincit la masse d’eau douce pendant un temps prolongé. II serait im- 
possible d’avoir ces indications par des données relevées sur la seule surface supé- 
rieure de la masse d’eau douce. 


1. THEORY 


Where conditions in an oceanic island are favorable, a fresh-water body will 
be found floating on sea water (Badon-Ghyben, 1889; Herzberg, 1901). The upper 
and lower surfaces of this fresh-water body are ellipsoidal in form. The lower surface 
extends below sea level to a depth that is equal to the height of the upper surface 
above sea level multiplied by the ratio of the density of fresh water to the difference 
between the densities of the fresh and the salt water. The fresh water is in constant 


* Publication authorized by the Director, U.S. Geological Survey. 
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motion toward the sea, and under steady-state conditions the foregoing expression 
for the depth of fresh water below sea level applies to upper and lower ends of an 
equipotential line rather than to a vertical line (Hubbert, 1940). The flow net in a 
fresh-water body under steady-state conditions is shown as case A in figure 1. 

Hubbert (1940, p. 925) points out that the upward movement of fresh water 
near the shore causes the fresh-water body to be thicker than the static ratio would 
indicate; however, in the central part of the island downward movement of the water 
results in a thickness that is less than the static ratio would indicate in that area. 

These relationships are complicated, however, by the fact that this dynamic 
system is seldom or never in a steady-state condition but is constantly changing in 
response to seasonal changes in the rate of recharge of fresh water and to tidal fluc- 
tuations in the sea. 


Sea\level ; 


Case A.— Continuous uniform recharge. 


Sea level 


Case B.— No recharge. 


igs] ¢ 
nal in three different pane Ganaies a ashen ee 
ition of contunuous unilor ( 
SE SE not being recharged, and Case C shows a thickening ae eek 
recharged at an increasing rate. The dashed lines near the bottom of the He 
water represent the new position of the displaced interface. The ad armen ~~ 
B and Case C show the displacement of individual water particles ba oth 4 e 
fresh and salt water. The interface is continually shifting, and therefore pee 
the fresh nor the salt water crosses the interface. The height of the water table 


above sea level is exaggerated. 
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The effect of changes in the rate of recharge in the height and depth of the fresh- 
water body relative to sea level is profound. Under conditions of no recharge of fresh 
water the fresh-water lens will decay as shown in case B, figure 1. As the lens decays, 
every unit loss in head, or height of the fresh water above sea level, is accompanied 
by something on the order of a 40-fold upward movement of the interface between 
the fresh and the salt water. Most of the water, therefore, moves toward the sea from 
storage in the lower part of the lens, and the fresh-water flow lines originate there 
instead of at the top of the lens as in the steady-state condition shown in case A of 
figure 1. The upward component of movement that was present only at the edge of 
the lens now extends throughout almost the entire lens, and sea water moves into 
the island to replace the fresh water discharged during the thinning of the lens. (See 
case B, fig. 1). Flow paths thus start at the floor of the sea, move in to displace the 
upward moving interface, and thence move outward to the sea again. 

The potential gradient in this new flow system in case B modifies the shape of 
the lens and the positions of the surfaces relative to sea level. First, the upward 
component of movement through-out the lens in itself causes a flattening of the upper 
surface of the lens and an increase in the thickness below sea level relative to that 
above. Added to this, however, is the greater effect in the same direction resulting 
from the lowering in potential under the lens that causes the sea water to move into 
the rocks of the island. This effect is especially pronounced if there are poorly per- 
meable sediments on the floor of the sea. The lowering of potential in the sea water 
under the lens is reflected in a like lowering of the upper surface of the lens. Thus, 
potential losses in the sea water between the floor of the ocean and the bottom of 
the fresh-water lens may be the principal cause of the lowering of the upper surface 
of the lens during periods of no recharge. 

Conversely, an increase in the rate of recharge will cause a thickening of the 
fresh water and a seaward displacement of the salt water as shown in case C, figure 1. 
In addition to the circulation of salt water produced by thickening and thinning 
of the fresh water, there must also be a continual movement of sea water into the 
island to provide the salt-water component in the fresh-salt transition zone that is 
discharged with the fresh water at the margins of the island (Cooper, 1959). 

Because of these factors, the height of the upper surface of the fresh-water body 
relative to mean sea level has, in itself, little practical value in determining the 
magnitude of changes in the thickness of the fresh-water body. 

Abrupt changes in the hydraulic system, such as increases in recharge from 
unusually heavy rainfall or major changes in the rate of artificial discharge of fresh 
water, cause distortion of the lower surface of the fresh-water body. The amount 
and duration of these distortions depend largely on the rate that sea water can enter 
or leave the rocks of the island. 

In figure 2 the solid lines show the position of the upper and lower surfaces of 
a stable fresh-water lens and the dashed lines show the same lens after an abrupt 
increase in the rate of recharge to the central part of the fresh-water body on the left 
side of the diagram. Recharge water added to the upper surface of the fresh-water 
body in the left half of the diagram increases the pressure on the lower surface and 
tends to displace it downward. This downward displacement causes an upward 
displacement of both the lower and upper surfaces of the fresh-water lens in the coastal 
part of the fresh-water body. The salt water beneath the lens then has an increased 
potential relative to the sea that is equal to approximately the mean rise in the upper 
surface of the fresh water. This potential is gradually dissipated by movement of salt 
water into the sea, which results in a downward movement of the upper surface toward 
its original position and the downward movement of the fresh-salt water interface 


to a position lower than but approximately parallel to its position before the distur- 
bance took place. 
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Fig. 2 — Diagram showing the short-term effect of recharge on the shape of the 
fresh-water body. 


Local changes in fresh-water discharge have a similar effect. If, for example, 
pumping of a well is stopped in one part of the lens, fresh water will move in to fill 
the cone of depression created by pumping. The localized increase in pressure on the 
salt water caused by the filling of this cone displaces the fresh-salt water interface 
downward in the vicinity of the well and displaces it upward in areas remote from 
the well. The consequent rise in the upper surface of the fresh water in areas remote 
from the well occurs much more quickly than if the adjustments took place in the 
fresh water alone. Aquifer tests in wells tapping the fresh-water lens tend to yield 
values for the coefficient of transmissibility that apply to the aquifer as a whole, 
irrespective of whether it is saturated by fresh or salt water. Values of the coefficient 
of storage calculated from aquifer-test data tend to be higher than real values, owing 
to the addition of the effects of movement of salt water into or out of the island to 
the changes in the volume of saturated material. 

The changes in the pattern of circulation and the attendant changes in potential 
could be measured and detailed through the use of a large number of piezometers 
in the fresh water and the salt water under the fresh lens. A piezometer in the sea water 
beneath the seaward edge of the lens could, for instance, measure losses of potential 
in the sea water between this point and the floor of the ocean. A second piezometer 
in the sea water farther inland would measure losses of potential in the sea water 
between the two piezometers, and so on throughout the sea water under the island. 
Another set of piezometers would provide similar information for the fresh water. 
If most of the losses of potential in the sea water occur at the floor of the ocean, a 
great deal of use can be made of data from a single salt-water piezometer and several 
observation wells in the fresh water. By using the head in a salt-water piezometer 
as ’’sea level,, and computing the lens thickness from the height of the fresh water 
above the level in the sea-water piezometer, the position of the fresh-salt water inter- 
face could be accurately determined. 

The formula for computing the position of the interface below sea level is thus: 


0s — Pf 


where Ay = head in the fresh water 
hs =head in the sea water 
of = the density of the fresh water 
Qs = the density of the salt water 


hs (1) 


This formula can be shown to be the same as formula 2 in a paper by Perlmutter 
and others (1959, p. 433), modified from Hubbert (1940, p. 864). 


473 


2. APPLICATION 


Let us look now at the application of this theory to a fresh-water lens in the 
southern part of the island of Oahu in the Hawaiian chain. (See fig. 3). Oahu is built 
of basaltic lava flows which are highly permeable when fresh, but which upon weath- 
ering and erosion produce clayey residuum and alluvium having very low permea- 
bility. The weathered lava and alluvium and coral-reef deposits form a caprock 
under the coastal plain of southern Oahu, which retards the escape of fresh water 
and causes fresh-water body to be thicker than it would be if the caprock ware absent. 
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Fig. 3 — Map of the island of Oahu, Hawaii, showing the locations of test hole 
T-67 and well 193. 


In an investigation of relationships between the potentials in the fresh water 
and sea water underlying the fresh, a test hole (T-67, fig. 3) was drilled near the shore 
and a piezometer was placed in the salt water at a depth of about 1,300 feet below 
sea level. The water at 1,300 feet is slightly less saline than sea water and is warmer 
than sea water; it therefore has a specific gravity less than sea water (1.0215 as 
compared to 1.0255). The salt-water level in the piezometer fluctuated between 1 
and 4 feet above sea level in a pattern similar to that in the fresh-water levels in wells 
in the area, which fluctuate between 1814 and 2114 feet. From equation (2) the theo- 


retical position of the interface between fresh and salt water in feet below sea level 
is then, for example: 


0.9980 


Wars 19.5 ; 4 
1.0215 —0.9980 ( 2 re 


= 42.46 (19.5 - 2.0) - 2.0 
= 741 feet below sea level 


The average monthly heads at well 193 (fig. 3), which penetrates only the upper 
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part of the fresh-water body of southern Oahu, and the computed average monthly 
depths of the fresh-sea water interface below sea level are shown in figure 4. The 
depths of the interface are computed from equation (“) using the differences between 
the head in the sea-water piezometer at the shore and the head in well 193, which 
is half a mile inland from the sea-water piezometer. The factor 42.46 used in the 


computation is based on the observed sea-water density of 1.0215 and a computed 
fresh-water density of 0.9980. 


= 02 

at TT 

go EASE 

° se J in 

2 ta wn ba of Del yb all 

c San 

i AVERAGE MONTHLY HEAD AT WELL 19 

Bm EXPANDED SCALE 

a 

< 

a 

x 

POSITION OF INTERFACE AS 
720 TED FROM THE HEAD AT 

n 

= 

= 

[o} 

eS 

w 

a 

EB 

id 

be 

: ue 

8 i: 

A | 
|. 
bedded 
REAn 

ON ®& 


Fig. 4 — Hydrograph showing average monthly heads at well 193 in the upper 

‘ part of the Pot weer body of southern Oahu and the computed average 

monthly depths of the fresh-sea water interface below sea level. The depth of 

the interface is based on the difference between the head in test hole T-67, at 

sea-water piezometer at the shore, and the head in well 193 half a mile inland 

from the sea-water piezometer. Shown also is the position of the interface as 
computed from the head on the fresh water alone. 


The importance of data from a deep sea-water piezometer is illustrated by the 
differences between the dashed line in figure 4, which is based on the fresh-water 
head alone, and the solid line which is computed from equation (4). 

As short-term changes in head and the position of the interface in southern 
Oahu are caused largely by changes in the amount and location of artificial draft 
in the area, let us examine the factors that contribute to these changes. In the eastern 
part of the area changes in draft occur largely as the result of changes in the avail- 
ability of surface water, which is a function of rainfall in the mountains, and as the 
result of rainfall or the lack of it on irrigated fields. 
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The western part of the area, however, does not receive surface water for irri- 
gation, and ground-water draft is reduced only on relatively rare occasions, usually 
in the winter, when rainfall on the fields is sufficient to meet the demands of the crops. 
The atmospheric conditions that produce rainfall in the mountains differ from those 
that cause rain in the lowlands, and high rainfall in one area commonly is not accom- 
panied by high rainfall in the other. 

The records used to construct figure 4 begin at the end of a period, February - 
May 1958, when, because of a strike, there was no pumping for irrigation. Toward 
the end of this period of no irrigation the head at well 193 and the position of the 
interface had become fairly stable. The resumption of heavy pumping in June caused 
a rapid decline in head and a rise of the interface that continued through July, when 
rains in the mountains and on the upland fields in the eastern part of the area 
allowed a reduction in draft that was accompanied by a rise in head and fall of the 
interface. Except for a slight reversal in September, this trend continued through 
the end of 1958. 

Through 1958 the top of the lens moved up and as might be expected from 
classical theory the botom of the !ens moved down. Beginning in January and con- 
tinuing through February 1959, however, there was the anomalous spectacle of a 
rising head combined with a rising interface. These rises are associated with a large 
reduction in draft in the previously dry western part of the area and possible increased 
recharge in the mountains. Although the situation is very complex, it seems likely 
that this rise of the interface is the result of tilting of the interface in response to changes 
in draft and recharge in a manner similar to that shown in figure 2. Heavy draft 
resulting from deficient rainfall was resumed in all parts of the area in March and 
continued through July, causing a decline in head and a continued rise in the interface. 

In August 1959 heavy rains associated with a hurricane caused all pumping in 
southern Oahu to stop and the head to rise. The interface also rose, however, possibly 
as the result of a tilting of the interface that could have occurred in reaction to sudden 
high recharge in the mountains or to abrupt cessation of draft in the normally heavily 
pumped western part of the area. 

On a long-term basis the most striking aspect of the record is a continued upward 
trend of the interface in response to a deficiency in rainfall. The apparently normal 
seasonal rise in head during the winter months caused no concomitant downward 
adjustment of the position of the interface. Thus, the effect of deficiency in rainfall, 
which was 67 percent of normal during the 12-month period ending October 1959, 
is seen better in the computed position of the interface than in the record of head 
in wells in the fresh water. 

It is apparent that the data and the analysis presented here show only a part 
of the picture in southern Oahu, inasmuch as changes in the position of the interface 
in the western part of the area must be different from those in the eastern part. Data 
from several additional piezometers extending into sea water would be needed to 
develop the full significance of the present records. 

It can be concluded that the sea water under the fresh-water lens in southern 
Oahu plays a very active part in the total hydrodynamic process—how important 
must be determined by time and additional sea-water piezometers. 
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SALT INTRUSION INTO COASTAL AQUIFERS(*) 


HAROLD R. HENRY , 
Michigan State University, East Lansing, Michigan 


SUMMARY 


The problem of salt intrusion, including effects of dispersion, is treated for a 
confined aquifer in which there is a steady seaward flow of fresh water. Darcy’s 
equation with variable density and the continuity equations for water and for salt 
are the governing equations. In terms of dimensionless stream function w and salt 
concentration c’ these equations reduce to 


; aE d (DIO) pe = — 
nay VRP ee an (D/Q) y7*c fiscal oie 


where k, is the transmission coefficient times the density difference ratio, d the depth 
of the aquifer, Q the net fresh-water discharge, and D the dispersion coefficient which 
is assumed constant. The effect of tidally induced motion in producing a large effective 
D is discussed. 

The nonlinear boundary value problem is reduced to an infinite set of non- 
linear algebraic equations by the assumption of Fourier series representations of p 
and c’ and subsequent application of the Galerkin procedure to yield equations for 
the Fourier coefficients. A truncated set of these algebraic equations is solved by an ite- 
rative scheme and numerical values of c’ and w presented for two specific cases. There 
are compared with the limiting case of zero diffusion, which is the case of the sharp 
fresh-salt-water interface. The other extreme, diffusion with no density difference, also 
is presented for comparison. 


RESUME 


Le probléme d’intrusion d’eau salée y compris l’effet de dispersion, est présenté 
pour des nappes artésiennes avec écoulement permanent vers la mer. Les équations 
principales sont l’équation de Darcy avec densité variable et les équations de con- 
tinuité pour l’eau douce et pour l’eau salée. Ces équations lorsqu’elles sont exprimées 


comme en fonction de courant Y et une concentration d’eau salée c’, peuvent étre 
transformées en: 


V°y = (kid/Q) de’/dx et (D/Q) 7?C’ = ii eae 


dans lesquelles k,, est le coefficient de transmission multiplié par le rapport des 
differences de densités; d est la profondeur de la nappe; q est le débit net de l’eau 
douce et D est le coefficient de dispersion, lequel est assumé constant. L’effet dn 
mouvement induit par la marée amenant un grand D effectif est décrit. 

_, Le probléme non-linéaire de la valeur aux limites est reduit a un groupe infini 
d équations algébriques non-linéaires, suivant les représentations de wW et c’ en 
séries de Fourier et l’application subséquente de la méthode de Galerkin pour obtenir 
les coefficients de Fourier. Un groupe tronqué de ces équations algébriques est résolu 
par un arrangement itératif et les valeurs numériques de c’ et W sont présentés pour 
deux conditions spécifiques. Ces solutions sont comparées au cas limite de diffusion 
nulle, laquelle correspond au cas de séparation accentuée entre l’eau douce et l’eau 


vo mer. Le cas de diffusion sans différences en densité, est presenté aussi pour compa- 
raison. 


1. INTRODUCTION 


The extent of intrusion of sea water and the location of the zone of brackish 
water are of particular interest in the practical use of ground water from coastal 


*) Publication anthorized by the Director United States Geological Survey. 
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aquifers. The first analyses attempting to place the problem on a rational basis 
(BADON-GHYBEN, 1889; HERZBERG, 1901) treated the fresh-water lens as floating 
statically on the heavier sea water. In these analyses hydrostatic conditions are 
assumed to apply vertically below a point of observation of piezometric level in the 
fresh water. This determines the elevation of a point on the interface where the 
pressure is balanced by the hydrostatic conditions assumed to prevail in the sea water. 
If this assumption is combined with a one dimensional application of Darcy’s law, 
the position of the interface can be estimated as a function of steady fresh-water dis- 
charge (Topp, 1953; KiraGAwa, 1939). This is the identical method used by Dupuit 
(1863) for the case of gravity scepage in a two-dimensional aquifer. 

Using a more precise description of conditions at the interface in terms of the 
potential gradient of the moving fresh water, HUBBERT (1940) wrote equations for 
the dynamic conditions at the intreface. These are analogous to the conditions 
prevailing at the free surface of water seeping by gravity through an aquifer. GLOVER 
(1959) utilized an exact solution of the free surface problem by Kozeny (1953) 
to represent the salt-intrusion problem for a confined aquifer of semi-infinite depth 
in which steady fresh-water flow terminates at a horizontal ocean bed. HENRY (1959) 
solved the potential problem for finite aquifers with horizontal ocean beds and for 
finite aquifers with vertical outflow faces. 

All the above-mentioned analyses treat the interface as if it were sharp and well 
defined, whereas in practice the interface is not sharp; instead, the salt water merges 
gradually with the fresh water through the process of mechanical dispersion aided 
by chemical diffusion. The width of the zone of dispersion depends upon the pore 
characteristics of the aquifer and upon the relative magnitude of the periodic move- 
ment of water particles due to tides (COOPER, 1959) and to the fluctuations due to 
recharge. If this zone is a relatively narrow band as it is under some field conditions 
(BROWN, 1925), the assumption of a sharp interface might be used to obtain a first 
approximation to the fresh-water flow pattern. If, on the other hand, field measur- 
ements indicate that the dispersion zone is extensive (Konout, 1960), an analysis 
that takes into account the dispersion process and the entrainment of salt water by 
the moving fresh water is necessary to describe the phenomena. 

WENTWORTH (1948) analyzed the zone of dispersion under the hypothesis of 
a rinsing action due to the tides. SCHEIDEGGER (1954, 1958) applied statistical pro- 
cedures to derive a modification of Darcy’s law to include effects of dispersion. 
Day (1956) used this concept in analyzing experimental data of one-dimensional 
dispersion. Several recent studies have increased understanding of the dispersion 
process (OGATA, 1958; Simpson, 1960; RIFAI and others, 1956). These have indicated 
in general that the dispersion coefficient D is proportional to the velocity and that 
it is several times greater in the direction of the velocity than in the lateral direction. 
Cooper (1959) used this proportionality to estimate the value of the dispersion 
coefficient due to the tides and hypothesizes that it is great enough to induce a cyclic 
salt-water motion from the ocean floor into the zone of dispersion and back to the 
sea. Cooper’s analysis for D assumes water of constant density and results in an 
exponential decrease in D with distance inland. This dispersion process must be 
superposed upon the fresh water flowing seaward over the salt-water wedge. Also, 
the fluctuations due to recharge would tend to increase the effective dispersion at 
the landward end of the wedge. 

The present paper is an attempt to describe analytically the zone of dispersion 
and the complete flow pattern including any cyclic flow. The principal assumptions 
are that the flow is steady and that D is constant. The unsteadiness resulting from 
recharge and tidal activity is considered as causing an increase in the effective D 
according to Cooper’s hypothesis, and it is assumed that this is the major effect of 


such unsteadiness. 
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The analysis presented is part of a research program on salt intrusion by the 
U.S. Geological Survey. This program also involves field exploration (KoHoUT, 1959) 
and model tests and laboratory experiments by Messrs. Herbert Skibitzke and Akio 
Ogata of the Geological Survey. ~ 


Notation — The symbols used most frequently herein are defined below. 


2. FIELD 


= Q/kid 

ay D/Q . . 

— concentration of salt, in mass per unit volume of solution, slugs/ft® 
= concentration of salt in sea water, slugs/ft® 


= depth of aquifer, ft 

= dispersion coefficient in diffusion-type equation, ft?/sec 

= dimensionless coefficient relating concentration and density of solution 
= acceleration of gravity, ft/sec? 

= permeability of sand, ft? 


pees : . kOog 
= transmission coefficient of aquifer — ———, ft/sec 
Q1— Qo 
Qo : 


= transmission coefficient times the density-difference ratio = k 


ft/sec 
= length of aquifer, ft 
pressure, lbs/ft2 
net fresh-water discharge per unit lengtin of beach, ft?/sec 
= vector velocity, ft/sec 
= horizontal velocity, ft/sec 
= vertical velocity, ft/sec 
= coordinates, ft (when used as subscripts, x and y denote differentiation) 
= density of solution, slugs/ft® 
= density of fresh water, slugs/ft® 
= density of sea water, slugs/ft® 
= mass of water contained in a unit volume of solution, slugs/ft® 
= viscosity of water, lb.-sec/ft2 
= dimensionless stream function 
= (yp — y/d) 


= porosity of aquifer, dimensionless. 


I 


EQUATIONS AND BOUNDARY CONDITIONS 


The three equations governing the salt-intrusion problem are Darcy’s law with 


variable density (DARCY, 1856; HuBBERT, 1953; OFFERINGA, 1954), and the continuity 
equations for water and for salt. 


q =—k/u(yP — og) (1) 
V -Ow@ = 0 (2) 
V.cq—p.Dy7C =0 (3) 


In the following treatment of these equations it is convenient to introduce the dimen- 
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sionless quantities 


¥ ud - vd Cc 0— Qo 


Se ea yy SS ae = 


Q Q Cs Qs—Qo 


(4) 


Eq. (2) can be simplified by using the empirical relation between the density @ 
of the mixture and @ yw of the pure water (BAXTER, 1916) as indicated by 


@=O0wtc=Q,+U—E£)c (5) 


where E is a dimensionless constant which has the approximate value 0.3 for con- 
centrations in the range of sea water. Inserting (5) into (2) yields 
— Ecs ri 
7-4 &=---p-cg = 0 (6) 
Qo 


is Cs 
In ordinary sea water ie is about 0.027. Hence, it is apparent that the second term 
0 
in (4) is negligible, implying the existence of a stream function which is defined as 
a dimensionless quantity by 
,_ oy : oy 


So ———. y =— 
oy’ Ox? ay 


The pressure may be eliminated from (1) by writing the scalar forms of (1) and 
differentiating u with respect to y, v with respect to x, and subtracting. Substitution 
of (7) then eliminates uw and v in favor of w giving 


2a) — —— 
rece: (8) 


In (3) the diffusion coefficient D is a function of velocity (RIFAI, 1956; 
Simpson, 1959), and therefore in principle it cannot be determined before the problem 
is solved. Also, in applying Eqs. (1), (2), and (3) to the salt intrusion, which is unsteady 
owing to the tidal activity, the burden of absorbing all the unsteady terms, which 
would appear in a more detailed analysis, is put upon D. However, for purposes 
of the present analysis, it is assumed that a representative or average value of D 
can be found and used as a constant throughout the field of flow without distorting 
the essential features of the problem. With this simplification and after substituting 
w, the following dimensionless form results: 


D dw dc’ dy de’ 
=o = us ; us ; 
OQ dy’ dx’ Ox’ Oy 


(9) 


kid 
Eqs. (8) and (9) reveal the two significant parameters of the problem; namely, as 


and D/Q. For the limiting case of no diffusion (HENRY, 1959) the latter vanishes. 

The geometric configuration treated in this study is a horizontal confined aquifer 
with vertical ends, touching a fresh-water reservoir on the left and the ocean on the 
right as shown in Fig. 1. The physical conditions at the impermeable boundaries 
require zero normal velocity, which is equivalent to y = constant. In addition there 
must be no diffusive movement of salt across the boundary, requiring the normal 


/ 


c 4 2 3 4 4 ; 
derivative —— to vanish. This results in vertical orientation of the isochlors at their 


intersection with the impermeable base of the aquifer. This is a prominent feature 
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of the «snub nose» shape of the diffusion zone at its landward end as indicated by 


field measurements (KoHOUT, 1960). 

The conditions on the boundaries in contact with the water bodies are a 
hydrostatic-pressure distribution on both sides and c= 0 on the fresh-water side, 
c’ =1 on the salt-water side. The hydrostatic-pressure distributions require that 
y) “3 
a = 0 on both ends of the aquifer. The boundary conditions are summarized below. 

Ps 


yp =1, dc’/dy’ = 0 y’ =1; dp/dx’ =0,c’ =0 
y = 0, dc’/dy’ = 0 iecaaile dp/dx’ = 0, ec’ = 0 Bini Ae (10) 


3. FouRIER - GALERKIN SOLUTION 


A method of solution similar to that used by Poor (1958) in a heat-transfer 
problem is utilized to solve the nonlinear boundary value problem defined by (8), 
(9), and (10). First, new variables are introduced to simplify the boundary conditions. 
ep 


P=yp—y’; C =e’ —x'/E (11) 
The problem phrased in terms of W and C is as follows, after dropping the primes, 


using € = 7 a = QO/kid, b = D/Q and using subscripts to denote differentiation : 


1 
ay? = Cet; (12) 
1 1 
BAC at ares ay te ot Cots (13) 
Cy =0, Yo =0, ” yaad; c=0,%;=0 x=0 (14) 


Cy =0, VY =0; yy == Oy c=0, ¥,=0 =€ 


The functions ¥Y% and C can be represented by the following double Fourier 
series which satisfy the boundary conditions, (14), identically. 


oS = De Am,n sin(may) cos (nz x/&) (15) 
m=1 n=0 

C= >! > By,s cos(raty) sin(szt x/&) (16 
r=0  s=1 


If the Am,n and B;,; are chosen in such a manner that the differential equations, (12) 
and (13), are satisfied then (15) and (16) are the solution. This is accomplished by 
substituting the Fourier representations for Y’ and C into (12) and (13) and applying 
the Galerkin technique. The Galerkin technique in this instance is applied by multi- 


. 3 : x 
plying (12) by 4 sin(gzy) cos (175) and (13) by 4 cos(gzty) sin G =} after 
the substitution of (15) and (16), and integrating over the rectangular domain. The 
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resulting infinite set of algebraic equations for the exact Fourier coeffi 


and Bg,» are fant verse 


he = 
4 
Esaz2 A gn E + alt = > By,n-h. N(g,r) + Vien (17) 


r=0 


1b Bog.n g + | é = => 5 » » Am,n Br,s(msLR — nrFG) 


m=1 n=0 r=0 s=1 


(18 


- yr Ag.n-g.N(A,n) + Sve) Bg,s.5.N(h,s) i wae 
A 


n=0 s=1 


The explanation of the new symbols in Eqs. (17) and (18) are given below where 
the Kronecker delta symbol is used: 


F= O(m-r),9 + d¢—m),9 — O(m+r),g 
= O(m—r),9 ai O(r-m),9 = O(m+r),¢ 
G =2ife =0, =1ifg~0; €2=2 ifh =O, == Lit po 0 


h+n—s h—n+s hin+s h-n-s 


—|] 1 — — —_ —— 2=5 
ate SE rea Le eres D 1 en ™ ss 
h+n—s h—n-+s h+n—s h—n—s 
en 1 ep 1 pany 4 1) pedal | 
A+n—s h—n-+s h+n—s h—n—s 

hin h-n 

1 —1 —1 —1 
ener: ; se 
hon h—n 
et) eis 


Since determination of the exact coefficient is impossible, a truncated set of 
(17) and (18) is solved numerically. Solution of the truncated system gives an appro- 
ximation to the true solution in a least-squares sense. 


4. NUMERICAL SOLUTION 


The selection of the parameters &, a and b for the numerical solutions was 
governed by two considerations. On one hand it is desirable that the parameters 
used be comparable with field data. In the case of the date presented by KOoHOUT 
(1960), the field values were approximately & = 16, a = 0.04, 0.01 = 5S 0.001. 
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On the other hand, from the computer’s viewpoint it is important to choose para- 
meters that will make the numerical procedures converge reasonably. The parameters 
that will lead to a significantly accurate solution within a reasonable truncation of (17) 
and (18) cannot be determined in advance. However, of general observations can 


be made before making any trails. The first is that values of & = d greater than uni- 


ty will probably require values of the index A greater than g, the magnitude of the 
difference increasing with &. The second is that small values of b should yield a solu- 
tion approaching that of the immiscible interface requiring terms with large values 
of g and h to describe accurately the sharp increase in concentration at the inter- 
face. With these considerations in mind and after some preliminary computations, 
the values € = 2, a = 0.45, b = 0.10 were chosen for the initial computations. 
The value a = 0.45 yields a corresponding immiscible interface from the exact theory 
(HENRY, 1959) which strikes the aquifer bottom approximately at the midpoint of 
its length as shown in Fig. 1. An additional case was chosen to show the effect of 


O. 


0.2 
=0.| —Sharp 
y interface—>— 


(e} 1.0 x/d — 2.0 
a.streamlines 


b.isochlors 


1°) 1.0 xX/4 = 2.0 
c diffusion with no density difference 


Fig. 1 — Flow pattern and isochlors for & = 2.0, a = 0.450, b = 0.100. 


varying fresh-water discharge. The values of the parameters for this additional 
case are § = 2, a = 0.263, b = 0.100. The value of a = 0.263 yields a correspon- 
ding immiscible interface which reaches to the upstream reservoir when & = 2 as 
shown in Fig. 2. 

It was found valid to assume that values of the quadratic terms, that is 
the quadruple summation terms, are considerably less than those of the paces jooe 
in Eqs. (17) and (18). The iteration procedure used consists of first neglecting the 
nonlinear terms and solving the resulting linear system. The roots of this first linear 
system are used to compute numerical values of the quadratic terms. These are added 
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0.2 sharp 
=0.1—— /nterfac 
wile oe) 


ie) 1.0 Xx S 
; 4— 
a. streamlines m aS 


sharp 
interface 


b.isochlors 


° j ‘ ’ 1.0 of, oe ZO 
c. diffusion with no density difference 


Fig. 2 — Flow pattern and isochlors for € = 2.0, a = 0.263, b = 0.100. 


as constants into the linear equations which are then re-solved. The process is 
stopped when the roots of the last step remain significantly the same as those of the 
preceding step. The computations for € = 2, a=0.45, 6 = 0.10 were performed 
with a desk calculator for the following truncation: A1,0 through 41,10; 42,1 through 
Ao,7; Bo,1 through Bo,14; B1,1 through B1,11; Be,1 through Be,7. The linear systems were 
rearranged to give a strong main diagonal for the matrix of the coefficients and were 
then solved by relaxation. Three iterative cycles were necessary to obtain an estimated 
two-decimal accuracy. 

The labor involved in the hand solution indicated that an electronic computer 
could be used profitably for further numerical solutions. Consequently, the problem 
was programmed for the IBM 650 digital computer at the Columbia University 
Electronic Research Laboratories for the two cases listed above and for the following 
enlarged truncation: A1,o0 through 41,15; 42,1 through A210; A3,o through A353 Aa,1 
through Aa,3; A5,0 through 45,2; Bo,1 through Bo,20; B11 through Bi,10; Bo jthrough 
Bo,5; B3,1 through B3,3; Ba,1 through Ba,2. 

In Eq. (17) the Ag,n are expressed in terms of the By,n and substituted into (18). 
When the latter is linearized it breaks into two independent linear subsets for g = 0 
and g >0 respectively. For the latter truncation each of these subsets is a set of 20 
linear equations with 20 unknowns. The functions y and c’ were computed at net 
points defined by a spacing of 0.1 in the two coordinate directions. 
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5. DiIsCUSSION OF RESULTS 


Figures 1 and 2 show the flow patterns and the distributions of salt for the two 
cases under study. The streamlines and isochlors are interpolated from the computed 
values of y and c’ and are constructed to eliminate localized variations which appear. 
to be due to truncation of the Fourier series or to making too few iterations. 
Superposed on the streamline and isochlor patterns are the corresponding sharp 
interfaces obtained from the solution of the potential problem (HENRY, 1959). This 
is the limiting case of zero diffusion. On the other hand, the limiting case of diffusion 
only with no density difference is shown in Figures 1c and 2c. In this case the isochlors 
would be vertical and c’ = (e%’/® — 1)/(e&/® — 1). 

It is informative to think of a gradual transition from the limiting case of the 
sharp interface. If initially D were zero, all the isochlor lines would be concentrated 
on the interface. As D increased, the isochlor lines should disperse and rotate to 
assume positions intermediate between the two limiting cases. The required condition 
of zero normal gradient of concentration at the boundary causes the «snub nose» 
of the dispersion zone and is a factor in reducing the landward extent of intrusion. 
At the top of the aquifer the rinsing action of the fresh water causes the dispersion 
zone to be narrower than at the bottom. The boundary condition at the top necessitates 
the characteristic point of inflection in the isochlor lines. In the field, the relative 
extent of the zone at the top may be smaller than is shown here. It should be noted 
also that the D/Q ratio used herein may be 10 to 100 times greater than field values. 
However, the general qualitative conclusions remain the same for any value of D/Q. 

The landward flow of salt water in the bottom of the aquifer (Figures la and 2a) 
and the rinsing action back to the sea has been predicted by Cooper (1959) and 
measured in the field by KoHout (1959). Figures la and 2a show that the sharp 
interface indicates the general location of the zone of separation between the stream- 
lines that have their origin in fresh water and those that originate in the sea water. 

Because determination of the sharp interface is a first approximation to the 
salt-intrusion problem, the interfaces for the values of a and £ used in the two cases 
of dispersion are shown in Figure 3 in dimensionless coordinates. The interface 
Ar % 
ay 23 


io 69 8 14 6 5 2 ! ° 


° 
yk, 
ha 
2 
semi-infinite 3 
aquifer 
Fig. 3 — Sharp interfaces for cases I and II compared with the interface for the 


semi-infinite aquifer. 


for the semi-infinite aquifer is shown also for comparison. The finite interfaces are 
approximated adequately by the corresponding portions of the semi-infinite interface. 

In conclusion, it may be stated that this analysis has shown that dispersion 
reduces the landward extent of salt intrusion and sets up a recirculation of salt water 
in the bottom of the aquifer near the ocean. It is also significant that a machine 


program is now set up whereby for any field parameters, namely a, b, £, the flow 
and isochlor patterns can be computed. : 
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SALINITE DES EAUX SOUTERRAINES, 
EVAPOTRANSPIRATION ET ALIMENTATION 
DES NAPPES _ 


H. SCHOELLER 


(France) 


RESUME 


Il doit y avoir une relation entre la concentration en chlore de l’eau de pluie, 
la concentration en chlore des eaux souterraines, l’évapotranspiration. Ceci doit 
permettre de pouvoir calculer l’alimentation des nappes. 


SUMMARY 


The chlorine content of ground water is related to the chlorine content of rain 
water and to evapotransporation. This must enable to evaluate the influent seepage. 


La composition chimique des eaux souterraines ne dépend pas que de la nature 
des terrains qu’elles ont traversés, mais peut-étre encore plus dans une certaine 
mesure, des caractéristiques climatériques. 

C’est ainsi qu’en allant des régions septentrionales aux régions tropicales 
(Schoeller, 1941), la concentration des divers anions et cations augmente, mais non 
pas également pour tous; de la sorte que les séquences des anions et cations ont 
tendance a se remplacer du Nord au Sud dans l’ordre suivant : 


r HCO3 — r SOg4 ou r Cl — r Cl ou r SO4 
r SOg4 ou r Cl — r HCO3 — r Cl ou r SO 
r Cl ou r SO4 — r SOg ou r Cl — r HCOZ 
r Cl— r SO4 — r HCO3. 


En direction des régions tropicales aux régions équatoriales, la tendance se 
renverse. 

De méme Garmonoy (1948) a établi une zonalité géochimique climatérique 
pour I’U.R.S.S., distinguant du Nord au Sud : une zéne des eaux hydrocarbonatées 
siliceuses, une z6ne des eaux sulfatées et chlorurées prédominantes, une zOne des 
eaux hydrocarbonatées calciques et une z6ne des eaux salées continentales. On suit 
donc la méme évolution des éléments prédominants : rHCO3->rSO4->rCl. 

Cette évolution est due aux influences conjointes de la pluviométrie et de 
l’évaporation, mais agissant en sens inverse. 

L’évaporation concentre les eaux imbibant le sol, pouvant plus ou moins se 
renouveler par suite de la différence de potentiel capillaire se créant entre la surface 
et les parties immédiatement en dessous. La concentration peut étre telle qu’elle 
améne méme dans le sol, des précipitations de CaCO3 dans les régions semi-arides 
et de CaSO, dans les régions arides. 

La concentration des eaux imbibant le sol, est particuligrement effective aprés 
les pluies faibles, insuffisantes pour descendre aux nappes et qui ne font qu’imprégner 
les couches superficielles. Il se produit ainsi par un jeu successif de descentes avec 
dilution et de remontées avec concentration de l’eau, une concentration progressive 
si l’6vaporation est particuligrement intense. Seules les fortes pluies entraineront 


vers les nappes, bien entendu en les diluant plus ou moins, ces eaux concentrées qui 
réapparaitront aux sources (Schoeller, 1941). 
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Retenons que la concentration du chlore des eaux souterraines augmente avec 
Varidité du climat, c’est-a-dire avec l’évapotranspiration. Il doit donc y avoir une 
relation plus ou moins directe entre la teneur en chlore des eaux souterraines et cette 
évapotranspiration et par conséquent aussi une relation plus ou moins directe avec 
la proportion d’eau de pluie qui peut arriver jusqu’aux nappes, c’est-a-dire avec le 
coefficient d’alimentation des nappes. 

L’eau de pluie est déja chargée en chlore. En s’infiltrant dans le sol, elle dissout 
encore plus ou moins de chlore en provenance des roches soit par attaque, soit par 
dissolution pure, en particulier au sommet de la roche mére des sols. L’eau infiltrée 
subit ensuite une évapotranspiration et de ce fait le chlore qu’elle tient en dissolution 
se concentre ainsi que nous l’avons dit ci-dessus. Dans son cheminement ultérieur, 
en profondeur, l’eau peut encore se charger en sels jusqu’a la nappe. Si l’on connait 
donc le bilan du chlore dans ce circuit. il est possible de déterminer le coefficient 
d’alimentation A de la nappe, c’est-a-dire la quantité d’eau de pluie ayant gagné 
la nappe. 

Soit P la pluviométrie en mm; Cl», la concentration en Cl de l’eau de pluie en 
mg/l; p, la quantité de Cl en mg/m? apportée par la pluie. Ona: 


p=PXCly 


Soit Cr = R/P, le coefficient de ruissellement par rapport a 1. Le coefficient 
d’infiltration a travers la surface du sol est de 1 — Cpr, et la quantité de Cl entrant 
dans le sol est de : 


(1 — Cr)p ou (1 — Cr)P X Clp 


> 


Il s’y ajoutera la quantité r mg/m?, de Cl dissous a la concentration Cl, par 
litre. Et on aura pour quantité de Cl par an, contenue dans l’eau d’infiltration : 


(1 — R) P(Clp + Clr) 
ou (—R)P.Clp +r 
r=(1—R)P X Cl, 


Soit rt, la quantité de chlore dissoute ultérieurement par l’eau au cours de son 
trajet. Si N est la quantité d’eau infiltrée jusqu’a la nappe et Cl», la concentration 
en chlore de l’eau de la nappe, on doit avoir : 


NX Clr, =(1—R)P. Ap +r+rt 


Cla inrer rt 
a 
Cln Clr 


Le coefficient d’alimentation étant A = N/P, on a donc : 


N= (1 R). P. 


(1 — R)Clp “A rt+rt 
A PxXA 


Cla == 


1 R Clp r+rt 
Al Be gos FTG 


On admet d’une maniére trés générale, que sur le globe terrestre, la SN ae 
de chlore dissoute en provenance des terrains r + rt est en moyenne de 4 mg/m? an. 
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Supposons une pluie moyenne de 800 mm et un coefficient d’alimentation de 


t 
ear | 0,025 mail. 
A 


0,2, alors 


> . . $ 

Il n’y aurait donc qu’un apport de 0,025 mg/l de chlore par dissolution dans 
l'eau de la nappe. C’est une quantité négligeable. 

Supposons maintenant une région désertique avec P = 10mm et A = 0,01, 


r-- rt 


on aurait = 40 mg/l. C’est encore une quantité de chlore trés faible par 


rapport a celle contenue dans les eaux des nappes de cette région. 

Mais lorsque les terrains sont tant soit peu saliféres, il est bien évident que 
r -++rt devient important, et méme parfois si grand qu’il est la source majeure du 
chlore de l’eau souterraines. Les exemples sont nombreux. On voit done que lorsque 


rt 
l’on peut négliger le terme devant Cln, ona: 
Clp 
A =(1— R) 
( Cla 
et si le ruissellement est nul : 
Clp 
panei, 


Ainsi donc on doit pouvoir calculer le coefficient d’alimentation des nappes, 
si l’on connait la concentration en chlore de |’eau de pluie, et la concentration en 
chlore de l’eau de ces nappes. 

Calculons de cette maniére les coefficients d’alimentation. S’il est facile de con- 
naitre la concentration en chlore de l’eau des nappes, il n’en est pas de méme de la 
concentration en chlore de l’eau de pluie par manque d’analyses. La concentration 
en chlore de l’eau de pluie est fonction de la distance de la mer. C’est ainsi que l’ona: 


— en Aquitaine en 1959 (Schoeller Marc 1960) : 


le long de la céte 10 a 20 mg/l 
a 50km 4a5 
a 150 2.5 


— en Allemagne (Von H. Riehm et E. Quellmalz, 1959) : 


a 0,200 km 37,6 mg/l 
50 4,9 
450 1,9 
800 0,9 
950 0,6 
1250 0,3 


Dans les exemples suivants, de Tunisie et de France, nous admettrons une teneur 
en Cl de l’eau de pluie de 2 mg/l, ce qui ne doit pas étre loin de la vérité pour 1’en- 
semble des eaux, correspondants aux statistiques sur lesquelles je me baserai. Les 
eaux proviennent de points situés 4 moins de 500 km des cétes. Lorsque des teneurs 
en Cl de l’eau de pluie ont été calculées nous nous en servirons dans des cas précis. 

Le bilan du chlore de l’eau des cases lysimétriques doit de ce fait étre en relation 
avec le bilan de l’eau de ces mémes cases. Nous prenons comme exemple celui des 
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cases lysimétriques de |’Ariana (Tunisie) au cours de l’année 1935, calculé d’aprés 
les données de Beeuf et Novikoff (1935-1936). 


cultures de 1935 aprés 
cultures de 1936 1 > 3 4 5 6 7 8 9 


1. blé aprés jachére 638,8 240,0 37,4 77,3 18540 29 5 31.0, 36,5 
2. jachére aprés blé 638,8 166,8 26,1 184 37130 48,2 24,2 13,0 26,2 


3. blé aprés blé 636.80 108-70 15-50 165) 107930. 281i 4.1. 14,5, ..17,0 
4. fourrage aprés blé 638,8 6,4 iy PAG 1620 2,54 9,5 1,0 
5. jachére continue 638,8 302,6 47,4 75 22580 35,4 11,4 31,9 47,1 


Totaux et rapports 3194,0 824,5 25,7(111) 91400 (28,6) (4,2) (21,6) 25,7 


1) P = pluviométrie en mm; 2) Q = drainage en mm; 3) A = Q/P coefficient 
d’alimentation; 4) = concentration en mg/l de NaCl de |’eau d’infiltration; 5) total 
du NaCl entrainé par m2? au cours de l’année; 6) NaCl de 5 divisé par 638,8 ce qui 
correspond a ce qu’apporterait un litre d’eau de pluie; 7) de 6 on a déduit 24 mg 
de NaCl apporté par l’eau de pluie (1) ce qui donnerait la teneur en NaCl provenant 
du terrain lui-méme; 8) donne A; le coefficient d’alimentation, en supposant un apport 
de 24 mg/l de NaCl par l’eau de pluie. On a alors divisé 24 par les chiffres de la 
colonne 4; 9) en divisant les chiffres de la colonne 6 par ceux de la colonne 4 on obtient 
le coefficient d’alimentation Az calculé a l’aide du NaCl qu’apporte 1 litre d’eau 
de pluie. 

La comparaison des divers coefficients ainsi calculés se voit dans le tableau 
ci-dessous : 


3 8 9 

A% Ai% A2% 
1 37,4 31,0 36,5 
2 26,1 13,0 26,2 
3 j Eis | 14,5 17,0 
4 1 9,5 1,0 
5 47,4 31,9 47,1 
T 250 21,6 25,7 


On voit que Ag donne des chiffres sensiblement égaux a ceux du coefficient 
d’alimentation résultant du bilan pluie-eau de drainage, A. 


Calcul du coefficient d’alimentation dune nappe. Exemple au Kef : 


Clp(l — R) — De juin a octobre la 


Appliquons la formule A = 


concentration en Cl de l’eau de la source du Kef est de 30 a 45 mg. Nous pouvons 
prendre la valeur la plus fréquente 35 mg. Nous admettrons Cly = 5 mg/l, 
P = 600mm, R = 0, d’ou 

5 r 

35 cf 600 x 35 


A = 
a= est négligeable; on a donc A = 142%. 
600 x 35 
Or en période normale d’étiage, le coefficient d’alimentation hydrauliquement 
calculé (Schoeller 1948) est de 16 4 25 4s 
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En Aquitaine, une carte de la teneur moyenne annuelle de Veau de pluie a été 
établie par Marc Schoeller (1960). La concentration en Cl de l’eau de pluie diminue 
des cétes vers l’intérieur et il en est de méme de la teneur en chlore des eaux souter- 
raines superficielles. Une telle diminution de la teneur en Cl des eaux souterraines. 
et superficielles en fonction de l’éloignement de la céte a d’ailleurs été observée aux 
U.S.A. Des isochlores de ces eaux ont méme été tracées (Jackson, 1905). En Aqui- 
taine on peut sensiblement établir la correspondance suivante entre le chlore Clp 
de l’eau de pluie et le chlore Cl, des eaux souterraines. Pour le moment ce n’est 
qu’une ébauche. Les concentrations sont exprimées en mg/I : 


Clp Cla A 
255 15 16.65 57, 
235 10 40,00 
5 30 16,65 
10 35 28,5 
10 30 33S 


Mais ici nous ferons la remarque importante suivante : c’est que si pour les nappes 
phréatiques la teneur en chlore de l’eau traduit bien les phénoménes d’évapotrans- 
piration et est en relation avec le coefficient d’alimentation des dites nappes, il n’en 
est pas de méme des nappes profondes. Ainsi dans ce méme bassin d’Aquitaine dans 
la nappe captive des sables inférieurs éocénes il y a une augmentation progressive 
de la concentration en chlore de l’amont a l’aval qui passe de 11 4 18 mg/1 a 160 mg/l 
(Schoeller, 1956). Cette augmentation provient de la dissolution du chlore par l’eau 
souterraine de long de son trajet. D’ailleurs on observe un certain parallélisme entre 
les isochlores et les courbes isopiézométriques de la nappe. Et nous avons donné 
ailleurs d’autres exemples. Il s’agit donc de tenir compte de ces faits. 

Dans mon étude sur l’influence du climat sur la composition chimique des eaux 
souterraines vadoses» (Schoeller, 1941), j’avais donné des statistiques relatives a la 
composition chimique des eaux souterraines issues de divers terrains et pour diverses 
régions se succédant du Nord au Sud de la France au Sahara. Les statistiques relatives 
au chlore doivent permettre de calculer les coefficients d’alimentation des nappes 
dans ces divers terrains et sous les climats allant des régions tempérées aux régions 
tropicales. 


50 % des eaux ‘entre 20 et 70%) ont des teneurs en rCl comprises entre : 


France N. Tunisie Centre Steppes Sahara 
Tunisie Tunisie 
calcaires 0,2 — 1,0 1,0 — 3,4 2,6— 7,4 1,8— 8,2 1,6— 5,5 
grés ordinaire 0,2 — 1,4 1,5 — 6,0 4,0— 86 2,4— 7,2 13,1 —42,5 
quaternaire 0,2 — 0,6 5,4— 31,6 6,8 — 26,6 


Supposons que l’eau de pluie ait une teneur moyenne de 2 mg de Cl, soit 0,0564 


milliéquivalents, le coefficient d’alimentation calculé a l’aide de la formule A=Clp/Cln 
est alors : 


calcaires 28,2 —5,6% 5,6>— 1,61% 22-87% 31-017 73.5 =O 
grés ordinaire 28,2—40 3,8 — 0,9 1,4 —0,7 2,3 — 0,8 0,4 — 0,1 
quaternaire 28,2 —9,4 1,04—0,2 0,8—0,2 


La statistique suivante correspond a la médiane des v 


aleurs de Cl exprimé 
en milliéquivalents : ign al 
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France N. Tunisie Cen. Tunisie Steppes Sahara 


calcaire 0,6 252 4,6 4,2 3,0 
grés ordinaire 0,8 2,7 6,8 5,3 21,5 
grés acides 0,4 0,8 
petits bancs dans 

des marnes 3,0 1355 
Quaternaire 0,7 15,6 16,3 
l’ensemble des 

terrains 0,66 2,58 6 9,3 es} 


Le coefficient d’alimentation calculé de la méme maniére que précédemment 
est donne dans le tableau suivant. Entre parenthéses sont indiqués les coefficients 
d’alimentation relatifs, par rapport 4 ceux de la France : 


France N. Tunisie Cen. Tunisie Steppes Sahara 

calcaire be 9,40 % (1) 2,56 % (0,27) 1,22 % (0,13) 1,34 % (0,14) 1,88 % (0,2) 
grés ordinaire 7,04 (1) 2,08 (0,30) 0,82 (0,12) 1,06 (0,15) 0,26 (0,04) 
grés acides 14,10 (1) 7,04 (0,50) 
petits bancs des 

des marnes 1,88 (1) 0,48 (0,26) 
Quaternaire 8,06 (1) 0,36 (0,05) 0,34 (0,04) 
l’ensemble des 

terrains 8,56 (1) 2,18 (0,25) 0,66 (0,08) 0,6 (0,07) 0,78 (0,09) 


Ces coefficients d’alimentation correspondent a des moyennes de toutes les 
alimentations des bonnes nappes et des mauvaises nappes. Il est évident que pour 
les bonnes nappes, le coefficient est beaucoup plus grand. 

Mais il apparait nettement que le coefficient d’alimentation moyen diminue de 
la France vers les steppes en raison de V’augmentation de l’évapotranspiration. 

De plus on voit que le coefficient d’alimentation dépend de la nature de la roche, 
qu’il est beaucoup plus grand pour les calcaires que pour les grés ordinaires et surtout 
que pour les petits bancs intercalés dans des marnes, ce qui est tout a fait normal. 

Les hautes valeurs correspondant aux grés acides, peuvent tenir au fait que ces 
grés se trouvent dans des régions a forte pluviométrie et a évaporation relativement 
faible. Ce sont des grés situés dans des régions de podzols. 

Le tableau suivant donne l’alimentation relative par rapport a celle des nappes 


des calcaires. 


France N. Tunisie Cen. Tunisie Steppes Sahara 
calcaire 1 1 1 1 1 
grés non acides 0,75 0,81 0,68 0,79 0,14 
grés acides 1,50 DAS 
marnes 0,20 
Quaternaire 0,86 0,29 0,26 


Il ressort de cette premiére étude préliminaire qu’il est dans certaines conditions 
de simplicité des phénoménes, possible de calculer le coefficient d’alimentation des 


nappes en utilisant les valeurs de la concentration en chlore de l’eau de pluie et celles 


de l’eau des nappes. 
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Mais il est bien évident que ce calcul ne peut étre fait chaque fois que la salinité 
des eaux souterraines s’accroit par des phénoménes de dissolution, ceux-ci bien 
indiqués par les accroissements de la teneur en chlore des eaux dans les nappes 
captives au fur et 4 mesure de leur éloignement des zones d’alimentation. 

Le calcul du coefficient d’alimentation par la méthode du chlore ne peut se faire 
que pour les nappes peu profondes, les nappes phréatiques en particulier. 
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HYDROGEOLOGICAL FIELD WORK WITH RADIO- 
ACTIVE TRACERS IN ISRAEL UP TO MAY 1960 


S. MANDEL 
Water Planning for Israel Ltd. 


SUMMARY 


: A considerable part of Israel's water resources stems from limestone terranes 
in which the classical research methods often prove inadequate. Experiments with 
radioactive tracers were carried out from 1957 onwards in order to aid research in 
this field. Until May 1960 the following results were achieved. 

1) Two radioactive tracers, 1/31 in the form of KI, and Co®® in the form of 
K,Co (CN)6 were tried under field conditions. The former was found suitable for 
short experiments, the latter for longer, large scale experiments. 

2) Measuring instruments were developed with a sensivity of 10~* microcuries /\ 
for 1%! and 2 x 10~* microcuries/1 for Co®°. They provided a continuous record 
a; water with a minimum of supervision and stood up very well under field condi- 
ions. 

3) Five field experiments were carried out. The first by injecting 60 millicuries of 
[281 into one well and measuring arrival of the tracer at another pumping well at 
50 m distance. © 

In the second experiment the adsorption properties of I'*’ and of the newly 
synthesized Co®® compound were compared by injection into one well and recovery 
from the same well after various time intervals. In the third experiment, it was attemp- 
ted to test connection of one well with a large limestone spring 6 km distant. The 
experiment failed probably because quantities of water involved were too large. 
Experiments No 4 and 5 involved a single well each. Small quantities of tracer 
were injected and pumped back from the same well after various time intervals. With 
the we of some hydrological assumptions physical velocities of flow could be calcu- 
lated. 

The author is indebted to Water Planning for Israel Ltd. for enabling him to 
carry out the work and to Dr. Nir and Mr. Halevy of the Weizmann Institute of 
Science who collaborated in the project. 


1. LOCAL BACKGROUND OF THE EXPERIMENTS 


A very considerable part of Israel’s limited water resources stems from limestone 
aquifers which show a well defined regional water table or potential head. The classical 
methods of research, based on Darcy’s law can be applied, in principle, and are 
currently used; however the practical application of classical methods is severely 
hampered by complicated boundary conditions, due to geological factors, by initial 
stages of karstic erosion which cause pronounced anisotropy and inhomogeneity, 
and the very small gradients (generally of the order of 10-4) which make quantitative 
calculations unreliable, unless they can be based on measurements in a large number 
of wells. An additional difficulty is due to the fact that most of the wells in these aqui- 
fers are rather deep (the majority in the range of 70-300 m), and expensive, so that 
the construction of a great number of observation wells is impracticable. 

Groundwater tracing with radioactive isotopes may constitute one of the methods 
to overcome these difficulties. Therefore in 1957 a research team was formed consisting 
of workers of Water Planning for Israel Ltd. and of the Weizmann Institute of Science’s 
Isotope Department. It became soon apparent that the difficulties involved were far 
greater than anticipated. Although physical velocities of flow are comparatively 
high—velocities of the order of 1 m/day have been measured—they still prohibit 
experiments between distant wells under the natural gradient. Pumping has been 
used to accelerate the flow, but the quantities of water involved in each experiment 
tend to be very large, unless the wells are spaced at close distances. These technical 
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difficulties were resolved by developing a method which makes use of a single well 
only, however it poses difficult problems of interpretation. 

It must be admitted that isotope tracing remains—in Israel—a method of limited 
applicability and usefulness, and the following summary is intended only as an 
interim report on the progress achieved until now. ™ ; 


2. EXPERIMENTAL PROCEDURE, INSTRUMENTATION, HEALTH HAZARD 


A standard set-up was used, with small variations, in all tests and proved very 
satisfactory. 


The tracer was brought to the place of experiment in its original packing. Prior 
to injection into the well it was mixed with a certain quantity of water in order to 
effect the actual field work with more bulky material which is easier to handle. Non- 
active carrier was added to the diluted solution of the tracer in order to minimize 
the effects of chemical adsorption and ion-exchange. The whole solution was then 
piped into the well through a rubber tube. Finally water was added in order to displace 
the column of water in the well and to «flush» the tracer into the aquifer proper. 


It must be mentioned that all experiments were carried out in fully equipped, 
pumping wells which are connected to fairly extensive supply networks and are 
electrically operated, so that the quantities of water necessary for dilution and flushing, 
and electricity for running the instruments were readily available. 


On the output side a sample of the water.was continuously led through a metal 
barrel containing about 160 litres into the centre of which a large liquid scintillation 
counter was dipped. 


Hourly yield of water as well as the sample flowing through the barrel were 
gauged, so that the total output activity could be calculated from the measured pulses. 
The liquid scintillator together with the preamplifier were encased in an aluminium 
container and a waterproof bag and connected to a rate meter through a single channel 
analyzer. Activity was recorded by an Easterline-Angus recorder to which an alarm 
system was added to indicate possible excessive rates of activity. This arrangement 
created a fully radial radiation field around the scintillator and the water also served 
as a shield against external influences. Sensitivities of up to 2 x 10-4 microcuries/| 


(calculated at 50% above background activity) were achieved and currently main- 
tained. 


Once adjusted, the whole apparatus demanded only a bare minimum of super- 
vision and in one case was left running for 2 months almost without interruption. 


Disposal of the contaminated water on the output side and possible contamina- 
tion of the aquifer made some precautions necessary. One safety rule was formulated 
and rigidly adhered to in all experiments: Activity of the material actually put into 
the aquifer never exceeded the safety limits for internal exposure as specified by the 
I.C.R.P. Activity of the output pulse was, of course, much smaller, of the order of 
10-3 microcurie/l at the peak, and presented no appreciable disposal problems. 
In order to guard against unforeseeable accidents, emergency measures were planned 
in each case for the safe disposal of excessive activity; however they had never to be 
put into effect. Before each experiment experts of Israel’s Ministry of Health were 
consulted. 


Handling of the concentrated material at the input site was, of course, entrusted 
only to skilled workers observing standard safety rules. 
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3. ACCOUNT OF EXPERIMENTS 


3.1. Test between Two Wells in the Region of the Southern Carmel 


60 millicuries of [131 were put into one well and recovered by pumping in another 
well at 50m distance. Both wells exploit a phreatic limestone aquifer, their depth 
is around 80 m. During the experiment the output well was pumped at a rate of 
100 cubic metres/hr with a draw-down of 0.23 m. 


Near the input well a barrel was prepared containing about 1801 of water and 
connected through a rubber hose to the bore-hole. Adsorption and exchange of the 
active tracer were reduced by adding Potassium Iodide to make a 2500 p.p.m. KI 
solution. Then, the ampoules containing the active tracer were inserted into a perfora- 
ted cylinder, put into the full barrel and broken by a piston. The active solution thus 
prepared, was drained into the borehole through the rubber hose and the barrel 
was washed three times with 2500 p.p.m. KI solution. Finally, the active solution 
was pushed out of the borehole and into the aquifer by injecting 5 cubic metres of 
water. 


At the output well pumping was started 6 hrs prior to injection of the tracer 
in order to insure equilibrium conditions, and continued, with short interruptions 
due to current failures, throughout the test. About 0.5 cubic metres/hr—i.e. about 
14% of the total yield of the output well—was diverted into the monitoring barrel 
and drained to a ditch through an outlet in the upper part of the barrel. The scintillator 
was therefore dipped into a sample of about 1601 of water which was completely 
replaced every 18 minutes. A rise in the activity began to be felt 11 hrs after injection 
of the tracer (after pumpage of 700 cubic metres from the output well); the peak of 
activity (1.6 X 10-2 microcuries/I above background) was recorded after 33 hrs 
(2900 cubic metres) and pumpage was discontinued 59 hrs (5500 cubic metres) after 
injection of the tracer. Altogether at least 73% of the input tracer were recovered 
during this time. 

A number of mishaps occurred—apart from current interruptions—and dimin- 
ished accuracy of measurements. The fluid scintillator went out of order in the middle 
of the test and had to be replaced by a less sensitive crystal scintillator applied to 
the outside of the barrel. A small amount of active water leaked into the ground 
near the monitoring barrel and caused a rise of background-activity corresponding to 
about 14.5 microcuries. 

Interpretation was essentially based on a simple physical reasoning which is 
evident from the following formula (some complications arose from the presence of 
a pervious boundary nearby. They were easily solved and are not of intrinsic interest). 


t = arrival time of tracer; 

yr = distance between wells; 

b = effective thickness of aquifer; 
p = effective porosity; 

OQ = rate of pumpage. 


Transmissivity (T = k b) and storativity (in this, phreatic case S = p) had been 
determined previously by pumping tests which involved also a third well at a distance 
of 200 m). By means of equation 1 the unknown effective thickness of the aquifer 
and average hydraulic conductivity could be calculated. As the activity curve was 
practically symmetrical, peak and average arrival time coincided. Carefull checks 
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showed that the influence of partial penetration was negligible. The numerical results, 
corrected for boundary effects, were: 


ba 45 m, K = 560 m/d(!), S =< == IK. 


3.2. Test in Well no. 23 in the Lydda-plain 


[431 has a half-life of only 8 days. Therefore it cannot be used for experiments 
of longer duration and cannot be stored economically for any length of time. This 
made it necessary to develop a suitable tracer compound with a longer half-life. 
After preliminary laboratory experiments it was decided to concentrate on the 
development of Co® which has a half-life of 5.2 years and of all the suitable elements 
is the strongest emitter (energy levels of 1.17 and 1.33 Mey). 

Well no. 23 was chosen for preliminary field tests with the new tracers because 
of practical considerations (availability, proximity to Tel-Aviv etc.) and also because 
of the fact that the aquifer here, contains some argillaceous elements which enhance 
its absorption and ion-exchange properties. Total depth of the well is 276 m, the 
aquifer is reached at a depth of 142 m and consists of limestone and dolomite with 
soft argillaceous components. The ground-water horizon is confined below a thick 
clay layer and rises to about 32 m below surface. Only the upper, confining, layers 
and a small part of the aquifer are cased in. Under normal operating conditions 
the well yields 310 cubic metres/hr with 9 m draw down. 

K [181, Co®_ edta and Ks Co®? (CN)g were compared by injecting them, together 
with their corresponding non-active carriers into the well, and recovering them by 
pumpage after various time intervals. 

A few millicuries of the material to be tested were mixed with its carrier in a 
20 1 bottle and siphoned into the well which was at the same time, recharged at the 
rate of about 10 m3/hr. The tracers were recovered after intervals ranging from a 
few minutes to a week by pumping at a rate of 50 m3/hr and total recovery was 
calculated from the activity curve. After each test the well was thouroughly flushed 
by a few hours pumping at its full rated capacity. 

Recovery rates of K 1/8! and Kg Co®(CN)g proved very comparable. Co%? 
edta which showed the poorest recovery rates was eliminated as tracer. 


3.3. Attempt to Trace the Underground Flow to the Rosh Ha’ayin spring 


The spring is situated about 15 km NE of Tel-Aviv and yields about 6 cubic 
metres/sec in winter to about 4 cubic metres/sec in summer. The limestone aquifer 
which feeds the spring is also exploited by a number of wells to the S of it, however 
the precise nature of their connection is not known with certainty. Several observa- 
tions, too involved to go into here, led to the conjecture that a limestone well 6 km 
S of the spring could be used, to inject a tracer directly into the hypothetical system 
of solution channels which is supposed to feed the spring. As elucidation of the pro- 
blem is of a great practical importance, an ambitious tracer experiment was carried 
out on this, admittedly slender, hydrologic assumption. It failed, but provided a good 
opportunity to test instrumentation and organization under difficult conditions. 

The pump was taken out from the well and recharge at the rate of 250 cubic 
metres/hr was started two days before injection of the tracer and continued throughout 
the experiment. 460 millicuries of Ks Co®(CN)g¢ were divided into five equal portions. 
Each portion was mixed in a barrel with water containing 5 kg non-active carrier and 
the solution was siphoned during one hour into the water recharging the well. Thus 
an input pulse was created of 5 hrs duration and of a concentration of 3.2 millicuries/I. 
At the time of the experiment the spring yielded 18000 cubic metres/hr. The total 
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quantity of tracer injected was sufficient to produce detectable activity in 2.3 million 
cubic metres of water equivalent to 123 hrs of springflow. 

Two monitoring instruments of the liquid scintillator type were installed at 
the spring and provided a continuous activity record of all the outflowing water. 
In addition water from neighbouring wells was brought to the spring site, in trucks, 
and its activity measured with the same sensitive instruments. 

After some initial hitches had been overcome the whole arrangement required 
only the attention of one part-time worker and one part-time truck driver for the 
transportation of samples from the wells. No serious break-down occurred to the 
apparatus. 

After two months it was decided to discontinue the experiment as the tracer 
had still not appeared and as it was by now probably too diluted for detection. 


3.4. Experiments with a Single Well Pulse Technique in the Regions of Western 
Galilee and the Carmel 


The Kabri well field of W. Galilee extends over an area of 6 sq km only and is 
composed of Turonian limestone and Cenomanian dolomite of about 100 m total 
thickness. Its replenishment area is situated in the hills of Galilee further East, but 
cannot be precisely delineated; its natural drainage is probably effected by submarine 
springs in the Mediterranean, about 6 km further W. 

At the time of the experiment only one well had been in operation for several 
years, yielding 420 m?/hr with a draw-down of 0.20 m. Additional bore-holes had 
been drilled but had not yet been equipped for pumping, and were available for 
interference tests. Further development of the well field was held up because of the 
uncertainty regarding its ultimate safe yield. Interference tests had given fairly 
consistent results (T = 18000 m2/d, S = 3%) but the very small and fluctuating 
gradient of the water table and the unknown boundaries almost precluded quanti- 
tative calculations. The object of the tracer experiment was to measure directly 
physical velocities of flow and thus overcome at least part of the difficulty. 

A procedure was adopted similar to the one used at Lydda 23, albeit for a 
different purpose. Small amounts of K3 Co®(CN)¢ ranging from 10 to 1000 micro- 
curies were injected into the aquifer through the well, left to move with the natural 
flow for periods ranging from 15 min to 94 hrs, and then recovered by pumpage in 
the same well. As was to be expected the activity curves were strongly asymetric 
with an ascending limb starting immediately after pumpage, peaks occurring 7 to 
25 minutes and measurable descending limbs extending over 20 to 120 min after 
beginning of pumpage. Rates of recovery ranged from 55% to 10%. 

Interpretation was based on the equations: 

1) r=vt 

2) V = Ot = phar? = pba?” 

Where: Tt = time interval between input and start of pumpage; 
t = time since begin of pumpage; 
V = amount pumped; 
O = yield of the well; 
y = physical velocity of natural flow; 
p = effective porosity; 
hb = thickness of aquifer. 


from here it follows: 
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A can be determined from this linear relation if a sufficient number of experiments 
r 


with varying T are made and if p and b is known. 

The asymetric form of the activity curve made it difficult to define a representative 
value for ¢. This assymetry is largely due to the geometrical transformation of the 
pulse. Almost symmetrical curves were obtained by plotting activity against V = Or 
and their peak was chosen as defining representative arrival time of the tracer. 

From the numerical calculation there resulted a velocity of the order of 0.6 m/d. 
The record of pumping in the well field which has been equipped and extended in 
the meantime, tends to confirm this result. 

In the Nahal-Oren well field in the Carmel region hydro-geological conditions 
are rather similar. Four wells have been drilled into a confined dolomitic aquifer 
and have been exploited for several years. During the last two years very detailed 
hydrometeorological observations were carried out in the catchment area of the aquifer 
which is—in this case— rather well known. They indicated that the rate of natural 
replenishment considerably exceeded actual pumpage. On the other hand a certain 
rise of salinity in one well made extreme caution necessary in the further development 
of the aquifer. A tracer test analogous to the one in the Kabri well field was carried 
out. Unfortunately, effective thickness of the aquifer is not well known and effective 
porosity could not be determined by pumping tests in this confined aquifer; inter- 
pretation remains therefore uncertain. Physical velocities of the order of 1 m/d were 
tentatively determined by assuming 100 m as effective thickness of the aquifer (by 
geological reasoning) and 3% as effective porosity (by analogy with results from the 
Kabri well field and other areas). 


4, CONCLUSIONS 


Experimental methods can now be applied almost as a matter of routine. However 
only a small part of the activity curves—obtained with so much trouble—can be 
interpreted with present techniques and under extremely simplifying assumptions. 
The shapes of activity curves are conditioned—inter alia—by the effective pore space 
of the aquifer, geometry of the voids and their interconnection; and workable methods 
must be found to determine them from experimental data. More theoretical work 


and pilot tests under model conditions are needed to develop the full potentialities 
of the method. 


REFERENCES 


(1) KAUFMAN, W.J. and Ortop, G.I., Measuring groundwater movement with 

" radio-active and chemical tracers, J. Am. Water Works Assoc., 48 (1950). 

(") Moser, H. et al., Die Anwendung radio-aciiver Isotope in der Hydrologie, 
Atomkernenergie 2 (1958). 

(3) Coe K.Z., Current Status of the internal dose problem, Health phys., 1 


(4) earn A.E., The physics of flow through porous media. Univ. of Toronto 
TeSs \ : 
(5) Nir, A. et al., A hydrological experiment with a radio-active tracer (1131) in the 
, region of the Southern Carmel. Water Planning for Israel Ltd. (1959). 
\") Hatevy, E. and Nir, A., Use of radio-isotopes in studies of groundwater flow. 
: Water Planning for Israel Ltd. (1960). 
(‘) E. HAtevy et al., Laboratory and field experiments on the suitability of various 
Bick dese 2nd U.N. Inter. Conf. on the Peaceful Uses of Atomic Energy 
(8) Hatevy, E, and Nir, A., The characteristics of Tracer 
; Ae pulse shape. Proc. 2nd 
U.N. Inter. Conf. on the Peaceful Uses of Atomic Energy P/1614 (1958). 


502 


pa -— ee - © a eS 


TRITIUM AS A HYDROLOGIC TOOL 
THE WHARTON TRACT STUDY * 


C.W. CARLSTON, L.L. THATCHER and E.C. RHODEHAMEL 


SUMMARY 


The value of tritium as a hydrologic tool - for example, for use as a tracer and 
* studying recharge of shallow aquifers - is being tested by the U.S. Geological 

urvey. 

The Wharton Tract field project, near Batsto, New Jersey is the first such recharge 
study to be completed. The tract is underlain by highly permeable fine- to coarse- 
grained sand. In March and November 1958 the water-table aquifer in the tract was 
sampled at 8 locations ranging from 3 to 150 meters in distance from the Mullica River. 
Samples were taken at depths of 2, 7.5, 15 and 30 meters. 

The measured tritium contents of these samples lead to the following conclu- 
sions : (1) There is a layering of ground water of different ages, ranging from water at 
a depth of 30 meters which is older than 25 years to water just below the water table 
which contains 1958 bomb tritium. (2) Bomb tritium occurs to a depth of at least 
15 meters, and there is a progressive increase in tritium content upward from that 
depth to the water-table. (3) Two analyses of the tritium content of the Mullica River 
at separate periods of low flow indicate that the discharge at these times was derived 
almost entirely from ground-water inflow from just below the water table. (4) Precipi- 
tation containing high amounts of tritium from the «Castle» tests would have been 
layered rather than mixed with older water in the ground-water zone in the upper 
Mississippi River Valley as thought by Begemman and Libby. 


RESUME 


Le «U.S. Geological Survey» est engagé dans un étude sur la valeur du tritium 
comme outil hydrologique, specialement comme traceur, et pour étudier l’alimentation 
des nappes aquiféres. nw 

Le «Wharton Tract» projet, situé a 40 km N.W. d’Atlantic City, New Jersey, 
est le premier projet d’alimentation qu’on a entrepris. Un terrain de sable trés 
perméab \e et ow la surface de la nappe aquifére est généralement a peu prés 1,5 m. 
sous la surface du sol forme le substratum de Ja région du projet. En mars et en 
novembre 1958 on a pris des échantillons d’eau dans 8 endroits de 3 a 150 m. de la 
Rivigre Mullica laquelle borde la région du projet. A chaque endroit ona pris des 
échantillons a 2, 7.5, 15 et 30 m. au dessous de la surface du sol. On a analysé les 
échantillons pour déterminer la concentration du tritium. be igs 

Par ces analyses on a demontré l’existence de «couches» d’eau d’ages différents, 
remontant a 25 ans, 4 une profondeur de 30 m., a l’eau contenant du tritium prove- 
nant des bombes thérmonucléaires de 1958, tout au-dessous de la surface de la nappe 
aquifére. Le tritium originaire des bombes, a été trouvé jusqu’a une profondeur 
de plus de 15 m.; il y a une augmentation progressive du tritium de cette profondeur 
vers la surface de la nappe aquifére, laquelle indique une augmentation progressive 
de la concentration moyenne du tritium dans l’atmosphére depuis l’essal ther- 
monucléaire «Castle» en 1954. a : oa : 

L’analyse de la concentration du tritium dans l’eau de la Riviére Mullica a 
demontré que le débit de base dérive principalement de la partie superieure de la 

aquifére. , nd 
amtrs cxpériences ont enfin indiqué que les pluies contenant une haute quantite 
de tritium provenant des essais « Castle» ont été déposées en «couches» plutét que 
mélangées avec l’eau plus ancienne de la nappe aquifére dans la Vallée Supérieure 
du Mississippi comme ont cru Begemann et Libby. 


* Publication authorized by the Director, U.S. Geological Survey. 
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1. THE U.S. GEOLOGICAL SURVEY TRITIUM PROGRAM 


The value of tritium as a hydrologic tool is being studied by the U.S. Geological 
Survey. The study consists of several phases of investigations which compose a 
broad range of activity. The first phase involves two studiés of ground-water recharge 
through determination of the age of near-surface layers of ground water. The Wharton 
Tract project in New Jersey is the first study to be completed. A study of recharge 
processes in the High Plains of New Mexico involves determination of the age of 
ground water to identify the effects of recharge through natural ’’sinks,, which 
penetrate a caliche caprock. 

A third project will be a test of tritium as a tracer in a cavernous aquifer having 
high permeability. Information is sought on the storage capacity of the aquifer. 

A fourth project was instituted in collaboration with the U.S. Weather Bureau 
to provide information on atmospheric circulation and tritium fallout during 4 
months of the 1958 Russian and American thermonuclear bomb tests. Biweekly 
integrated samples of precipitation were collected for tritium analysis at 12 stations 
between Anchorage, Alaska, and San Juan, Puerto Rico. Associated with this 
project were studies in Wisconsin and New Jersey to determine the relation between 
tritium in precipitation during and after the bomb tests and tritium in runoff from 
the project sites. Tritium fallout is now being monitored at three sites across the United 
States: San Francisco, California; Lincoln, Nebraska; and Washington, D.C. 

One of the most important aspects of the program is the tritium laboratory. 
Theoretical and laboratory studies in the geochemistry of tritium are underway 
and important progress has been made in the development of laboratory techniques 
and apparatus. 


2. THE TRITIUM LABORATORY 


Analysis of water samples for their tritium content follows a procedure similar 
to that developed by Kaufmann and Libby (1954) using electrolytic concentration 
of the sample, followed by reduction to hydrogen gas and Geiger counting of the 
active gas. Liquid scintillation counting is less complicated but the sensitivity is not 
adequate for the low tritium activities found in the hydrologic studies. 

Some progress has been made toward reducing the cost of analysis by the 
development of a simplified vacuum line for conversion of the sample to gas. The 
unit has no fragile components and reduces the demands on the operator’s time and 
attention. 

Briefly, the analytical procedure is as follows. A volume of sample ranging from 
500 ml. (post-bomb rains) to 3 liters (old ground water) is electrolyzed in a 4-stage 
electrolysis plant until the volume remaining is 0.5 ml. Both tritium and deuterium 
concentrations are measured in the enriched sample. The deuterium concentration 
is required for the enrichment calculation, which is based on a tritium-to-deuterium 
enrichment-factor ratio of 2.1: 1. 

; The enriched sample is converted to a mixture of hydrogen, deuterium, and 
tritium gases by passage through hot (380°C) powdered zinc. The reaction is quan- 
titative, and the gases plus zinc oxide are the products. The hydrogen is mixed ethyl 
ether in a liter Geiger tube and is counted inside an anti-coincidence shield. 


3. LOCATION AND FACILITIES OF THE WHARTON TRACT 


The Wharton Tract is a parcel of land, roughly 160 square kilometers in area 
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in the Coastal Plain of New Jersey. The tract was purchased by the State of New 
Jersey for future use as a source of public water-supply. In order to analyze the 
transmissibility and storage characteristics of the sediments underlying the Tract, 
the U.S. Geological Survey installed wells at 53 sites over a 240 by 275-meter area 
astride the Mullica River. With only two exceptions, each site is occupied by a cluster 
of three wells with screens set at depths of about 7.5, 15, and 30 meters below land 
surface. The project area and well field are about 40 kilometers northwest of Atlantic 
City (fig. 1). 


aor ar rT . 
Fig. 1 — Drainage map of Atsion quadrangle, N.J., showing location of project 
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4. GEOLOGY AND GROUND-WATER HYDROLOGY 


Most of the Wharton Tract well field is on a natural levee bordering the Mullica 
River. Immediately beneath the land surface are Recent sediments, deposited by 
the Mullica River, which are about one meter thick and consist of fine-to coarse- 
grained sand which is indistinguishable in appearance from the underlying Miocene 
(2?) Cohansey sand. The Cohansey dips southeastward at about 2.1 meters per 
kilometer, and is about 60 meters thick beneath the Tract. 

The Cohansey sand consists of estuarine and fluviatile sand—chiefly quartz— 
and minor amounts of fine gravel. Crossbedding is common, and the beds are thin 
and laterally discontinuous. Lenticular clay beds occur throughout the section. The 
section at the Wharton Tract well field consists predominantly of beds of fine-, 
medium-and coarse-grained sand and some clay lenses. A typical section shows that 
from a depth of 7.5 to 9.8 meters there are alternating layers 1.6 to 5 cm. thick of 
dense medium gravel, sand, and clay, and a few layers of silt. From a depth of 9.8 
to 11 meters there occur scattered thin seams of ironstone interbedded with medium 
sand. From 25 to 28 meters, medium-grained sand is interbedded with thin beds 
of yellow and white clay. At about 28 meters there is a bed of clay 30 cm. thick. 

Aquifer tests made by pumping wells in the Cohansey sand at other places in 
New Jersey indicate an average horizontal permeability of about 0.03 cm/sec; average 
porosity is about 40 percent. The regional hydraulic gradient is southeastward and 
is about 2 meters per kilometer. Average ground-water velocity in this direction is 
estimated to be about 300 meters per year. 

The water is unconfined, and the clay layers, though common, are discontinuous. 
At the well sites more distant from the Mullica River static water levels in the deeper 
wells are lower than water levels in the shallower wells, indicating downward move- 
ment of water. At intermediate distances from the river the well clusters show prac- 
tically no differences in static head. In the wells closest to the river the highest heads 
occur in the deepest wells and the lowest heads in the shallower wells, indicating 
upward movement of water into the river. 


5. SURFACE WATER HYDROLOGY 


Analysis of the discharge hydrographs of the Mullica River and the nearby 
Batsto River indicates that at least 70 percent of the annual discharge is derived 
from effluent ground water. The streams are not ’’flashy,, and maintain quite uniform 
discharge over long periods of no precipitation. 

Figure 1 shows the character of the drainage network of the region of the 
Wharton Tract on the 1: 24,000-scale Atsion topographic quandrangle. The tri- 
butaries of the Mullica River consist of a network of many small, shallow streams 
whose channels were cut only a meter or so below the water table and act mainly 
as a water-table drains. The Mullica River at the well field is only 1.2 meters deep 
and is itself essentially a larger water-table drain. Its flood plain is very narrow, 
ranging from less than 7.5 meters wide to rarely more than 45 meters wide. The flood 
plain itself is floored with clayey materials and is less than a meter above average 
stream level. Bank and flood storage are of only minor importance on this stream. 


6. HiIsTORY OF CHANGES IN TRITIUM CONTENT OF PRECIPITATION AT THE WHARTON 
TRACT 


According to von Buttlar and Libby (1955, p. 80), the weighted average tritium 
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content of precipitation in Chicago from December 1, 1952, to December 1, 1953, 
was about 8 T.U. (tritium units), or 8 tritium atoms to 1018 hydrogen atoms. In a 
later publication von Buttlar (1959, p. 1031) stated that pre-1954 rainwater had a 
tritium concentration of 10 T. U. The average of 9 rainwater samples collected between 
October 25 and December 29, 1953, at Palisades, New York, was 8.4 T.U. (Giletti, 
Bazan, and Kulp, 1958, p. 808). This represents the natural level of tritium generated 
by cosmic rays and from extraterrestrial sources. 

During November 1952 the tritium concentration in rainfall increased to 66 
T.U., but by January 1953 it had returned to its naturel level. It is now known that 
the increase in tritium was a product of the first thermonuclear explosion. 

On March 14 and May 22, 1954, the tritium concentration of precipitation at 
Palisades, New York, increased to peaks of 1,240 and 1,178 T.U., respectively. 
These were the result of thermonuclear explosions in the U.S. ’’Castle,, Pacific test 
series. Excess tritium in precipitation continued until September 1954 (Giletti, Bazan, 
and Kulp, 1958, p. 808). According to Begemann (1958, fig. 2) the post-Castle average 
of tritium in precipitation at Chicago during the period September 1954 to January 
1956 was 23 T.U. The U.S. ’’Redwing,, Pacific test series during the spring and 
summer of 1956 included thermonuclear explosions that raised the tritium in pre- 
cipitation at Chicago. Tritium fallout remained high until January 1957, when a 
new equilibrium level of tritium concentration in precipitation was observed at about 
50-T.U. 

During the period March 1 to August 30, 1958, the Geological Survey collected 
precipitation samples for tritium analysis at biweekly intervals at a station at the 
Lebanon State Forest, New Jersey, approximately 50 km. north of the Wharton Tract. 
Analysis of these samples showed an increase in tritium in precipitation from about 
40 T.U. in early March to 481 T.U. for the period June 4-18. According to press 
announcements by the U.S. Atomic Energy Commission, U.S.S.R. and U.S. bomb 
testing lasted from February 28 to October 25, 1958. 

From the preceding evidence, the tritium content of precipitation at the Wharton 
Tract would be expected to have increased steadily during the period March 1954 
to the end of 1958. This increase has been due to continued thermonuclear-bomb 
testing which has generally increased the level of atmospheric tritium. Its present 
level has not yet been calculated. 


7. EVIDENCE OF GROUND-WATER LAYERING AT THE WHARTON TRACT WELL FIELD 


Figure 2 shows the locations of wells sampled for tritium analysis at the Wharton 
Tract well field. Table 1 gives the tritium content of ground water at positions just 
below the water table, and at 7.5, 15, and 30 meters in depth below the land surface. 
Figure 3 shows a cross section of part of the Wharton Tract well field and the tritium 
content of the four sampled layers of ground water. The samples were collected on 
March 13 and November 28, 1958. 

Four ages of ground water are represented in the tritium analyses. The oldest 
water occurs at the 30-meter depth, where tritium concentrations range from 0 to 
2 T.U. If it is assumed that the original tritium concentration of this water was 8 T. U., 
the 12.26-year half-life of tritium would indicate an age of more than two half-lives, 
or more than 25 years for the 31-meter water. The second oldest water occurs in 
wells IN and IJ at the 15-meter depth, where the water contains 5 and 8.3 T.U., 
respectively. This water is estimated to be between 7 and 8 years old. Water from 
all wells at the 7.5-meter depth and water from the 15-meter depth in wells 2J, 3J, 
3G, 4J, 6J, and 6G contains sufficient tritium to represent post-hydrogen bomb, 
or post March 1954, recharge. The high concentration of tritium in water taken 
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TABLE I 


Tritium content of ground-water layers at Wharton Tract well field, in tritium units 


~ 

Well Well Well Well Well Well Well Well 
Layer Sampled IN IJ Pi 3J 3G 4J 6J 6G 
At water table 119 112 Bue = 108 117 ae 147 134 
7.5 m Depth 28* 45 34** 48 — 35 21* 43 

| 

15 m Depth 5< 8.3 26 31 23" 25 — 16 
30 m Depth —. 2 yA 0 17M 0 woe 0 


1 
ee a a 


Note: Analyses denoted by an asterisk represent samples taken on March 13, 
1958. A double asterisk represents sampling on June 25, 1958. The remainder were 
sampled on November 28, 1958. 
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Fig. 2 — Map showing the location of wells. 
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Fig. 3 — Cross-section of part of Wharton Tract well field on November 28, 1958. 


from just below the water table indicates that this water consists of precipitation 
which fell during the H-bomb-testing period March to November 1958. In summary, 
the ground water sampled in the well field may be classified in four age groups: (1) 
older than 25 years; (2) between 7 and 4 years; (3) between 4 years-8 months and 
8 months; and (4) between 8 and 0 months. The inferred bases of the March 1954 
and April 1958 recharge are indicated on the cross section shown in figure 3. 

Because four (out of many) layers of ground water have been delineated and 
have been found to be chronologically superimposed, the oldest water at 30 meters 
and the youngest at the water table, there is proof of age-layering of ground water 
in this water-table environment. It has long been accepted as theoretically necessary 
for such layering to exist, but this is the first positive evidence that it does. 


8. EVIDENCE OF PROGRESSIVE INCREASE IN AVERAGE ATMOSPHERIC TRITIUM CONTENT 
SINCE 1954 


In sampling the observation wells, water from the 30-meter depth was drawn 
into the wells through a well screen 1.8 meter long. The 7.5-and 15-meter samples 
were pumped in through 90-cm screens. The samples taken from just below the 
water table came from a depth no greater than 60 centimeters. Inasmuch as these 
samples are from a section of the aquifer rather than from a thin tabular source, 
the tritium they contain must represent an integration, or mixture, of recharge falling 
during a time period of months. For example, 90 cm of aquifer having a porosity 
of 40 percent could contain as much as 36 cm of recharge. 

The upward increase in average tritium concentration of the ground water 
from depths of 15 meters to 7.5 meters in wells 2J, 3J, 4J, and 6G can be related only 
to the progressive increase in average atmospheric tritium concentration since the 
1954 ’’Castle,, thermonuclear test, as documented by monitoring of tritium during 


this period. 
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9, MOVEMENT OF RECHARGE AS SHOWN BY TRITIUM CONTENT OF THE GROUND WATER 


Figure 3, a cross section of part of the Wharton Tract well field, shows the 
tritium content of the ground water in two dimensions. The base of the March 1954 
(’Castle,, test) recharge and the base of the April 1958 recharge are shown as well 
as their relation to the inferred flow pattern. The cross section shows how layers of 
recharge are moving through the aquifer. 


10. TRITIUM AND THE HYDROLOGY OF THE MULLICA RIVER 


Figure 4 shows the discharge of the Batsto River at Batsto, New Jersey, during 
March and November 1958, the months during which water samples were collected 
in the project area for tritium analysis. A sample of water from the Mullica River 
was taken on March 13. It was later noted, during study of the hydrograph of the 
Batsto River, that the sample had been taken when the Mullica and Batsto Rivers 
were at the end of a 2-week period of recession from a flood peak on March 1, 1958. 
Virtually all the discharge at that time was base flow derived from ground-water 
discharge. Tritium concentration in the river on that date was 42 T.U. During this 
period precipitation at the Lebanon State Forest, New Jersey, 40 km to the north, 
averaged 40 T.U. The tritium concentration of water at the 7.5-meter depth in well 
6J, located next to the river, was only 21 T. U. It was therefore inferred that the base 
flow of the river was supplied largely from a zone somewhere above the 7.5-meter 
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depth, and was probably comin g from that part of the ground-water reservoir nearest 
the water table. 


During the ensuing 8 months, precipitation at the project site contained high 
amounts of tritium resulting from the Russian and American bomb tests. A new 
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aerate igh aaar for November 1958. In this sampling program, 

previously unsampled wells (IJ, 2J, 3J, 4J, and 6G), 
at the 75-5 15-, and 30-meter depth; and in addition samples would be obtained 
from the river and from just below the water table at all well sites. The time chosen 
for sampling was November 28, when the Mullica River had been at base flow for 
a period of 18 days. The last discharge peak had been on November 10 (see fig. 4). 
It was expected that the tritium concentration of the river water would be intermediate 
between about 21 T. U. (the tritium content of water in the region of the 7.5-meter 
depth), and the high tritium concentration in water occurring just below the water 
table which had accumulated as a result of recharge during the period of bomb testing. 
It was discovered, however, that the mean tritium concentration of the top 2 feet 
of water just below the water table in the eight wells shown in figure 2 was 119 T.U. 
The mean tritium content of this water layer in the two wells closest to the river 
(6J, 6G) was about 140 T.U. At this time the tritium content of the Mullica River 
was 144 T.U. These data indicate that the source of the base flow of the river was 
the uppermost layers of ground water and ground water recharged to the aquifer 
during the preceding months of high tritium fallout. 

Several interesting conclusions can be derived from this experiment. They are: 

1. Analysis of tritium content of a representative number of ground-water 
layers will provide information on the source of base flow of streams fed by the ground- 
water reservoir so sampled. This principle may be applied also to determination of 
the source of water from springs. 

2. Although the aquifer is almost entirely sand, and therefore could be considered 
relatively homogeneous, permeability across the bedding is so low in comparison 
with horizontal permeability that only a very small amount of the contribution to 
the base flow of the Mullica River enters from below its bed. Horizontal permea- 
bility dominates the discharge of ground water into the river. 

3. The experiment indicates that streams draining horizontally bedded sedi- 
ments, in which the direction of the greatest permeability also is horizontal, receive 
most of their ground-water discharge laterally from those beds lying above the bottom 
of the stream. 

4. The evidence of layering of successive increments of ground-water recharge 
reaching the water table permits some evaluation of Begemann and Libby’s sta- 
tements (1957, p. 285-287) on the effects of increased tritium fallout on the tritium 
content of the Mississippi River. 

Complete mixing of tritium from the ’’Castle,, tests in the ground-water zone 
was thought by Begemann and Libby to be proved by the constancy of tritium 
concentation of the upper Mississippi River during the period January 1, 1955 to 
October 1, 1955. While the precipitation at Chicago was averaging 21 T. WU. the 
average tritium content of the Mississippi River was 44 T. U. This concept was ques- 
tioned by Eriksson (1958) on theoretical grounds. The Wharton Tract study provides 
experimental evidence that precipitation having high amounts of tritium would be 
layered rather than mixed with older water in the ground water zone. 

The tritium content of the Mississippi River may be explained by observing 
that the river flow is a mixture of overland runoff and ground-water discharge from 
layers of different tritium contents. 

In general the annual precipitation on the upper Mississippi River watershed 
is about 76 cm. Of this amount, about two thirds is dissipated in evapotranspiration, 
and one third is available for runoff. About two-thirds of the runoff would be direct 
overland flow with a tritium concentration averaging 21 T.U. and the remainder 
base flow or ground-water discharge. If the evidence on the source of base flow of 
the Mullica River is used as a criterion, then half the Mississippi River base flow 
could be recently recharged ground water which would have a tritium content of about 
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21 T.U. Some small amount of the base flow would have a high tritium concen- 
tration and would have originated as ground-water recharge duriug the period March 
to August 1954 when tritium fallout was high. The remainder would be ground water 


of pre-bomb recharge origin. ~ 
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SUMMARY 


The quest for a *’perfect’’ tracer for ground-water studies has been considered 
by many hydrologists in recent years. The so-called perfect tracer would be one that 
was not adsorbed onto the soil particles in movement and would therefore travel 
with the ground water. Experiments by the U.S. Geological Survey show that, instead 
of concentrating simply on searching for the perfect tracer, a more profitable approach 
may be to study the ion-exchange and -adsorption characteristics of the porous solid 
as a means of determining in detail how the liquids flowed through the solid. The use 
of adsorption and exchange characteristics has allowed an analysis of flow systems by 
means of dissection of the porous blocks after the flow experiments are completed. 
This allows a quantitative analysis of the interior of the region of flow. The techniques 
and results of such experiments are outlined. 


1. INTRODUCTION 


Much of the information available today on the details of fluid flow in porous 
solids has come from observations on the movement of tracers through a porous 
solid. These experiments have usually been qualitative rather than quantitative. 
The availability of radioisotopes in recent years has made it possible to conduct 
quantitative experiments. It has not been possible to accomplish this without over- 
coming certain obstacles, however. 

The quantity of radioisotopes that may be used in tracer experiments is small. 
As a result, it has become somewhat of a problem to analyze the dilute radioisotope 
in the laboratory. This difficulty has arisen because of several phenomena, one of 
these being the ion-exchange characteristics of the porous materials in which the 
experiments have been conducted. The very small quantities of radioisotopes in 
solution do not necessarily move as a whole with the liquid. Instead, a part of the 
solute moves along the solid surface on an ion-exchange basis. In general, however, 
if we neglect molecular motion, the paths of motion of the solute do follow those of 
the liquid. The only characteristic that is changed is the rate of movement, which 
is retarded. 

Another question arises as to whether there would be differences in movement 
between the hydraulic streamlines and the actual paths of the molecules. Because 
of certain aspects of liquid movement, such as the molecular movement due to 
thermal agitation, the paths of motion will not entirely coincide. This presents a 
difficulty in analyzing tracer studies. This difficulty has been partly overcome by use 
of tracers such as tritium. Tritium and water have the same chemical characteristics ; 
thus the motion should be simply that of the liquid itself. Considerable effort is being 
expended today on the study of tritium. 

The extremely fine filaments required to adequately describe the flow lines in 
a porous solid are difficult to measure due to counter geometry. After the experiment 
is completed and the analysis is being made, it is difficult to locate the radioisotope 
in fine detail. This is because the counters themselves have a finite volume, which is 
large compared to the size of the pores of the aquifer models. It is also difficult to 
insert the counter into the material itself. The result of these difficulties is that we 
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have to analyze the radioisotope from a distance, and therefore through a sizable 
portion of the porous solid. The porous solid acts as a scattering mechanism as well 
as a variable-density filter. Therefore, it becomes very difficult to trace out a fine 
filament of the flow system in detail. ~ 

Another problem is that of measuring the proportions of various isotopes that 
exist in the liquid. The available counters are sensitive to various radioactive particles. 
Beta counters, as an example, are sensitive to beta radiation, but unfortunately they 
are sensitive also to gamma radiation. The same is true of gamma counters, which 
are sensitive not only to gamma radiation but also to beta and to secondary effects 
of beta, such as braking radiation. Counters sensitive to alpha radiation are very 
difficult to use in the hydraulic laboratory and as a result were not utilized for the 
experiments in porous solids described here. These difficulties are significant in the 
analysis of any of the experimental laboratory methods that might be proposed. 
There are other problems, and probably it would be best to analyze these by dis- 
cussing three applications of radioisotopes which are being made in the U.S. Geolo- 
gical Survey’s laboratory in Phoenix, Arizona. 

These experiments illustrate the analysis that has been or is being used for three 
separate problems. The first problem to be discussed is that of microscopic flow. 
This is actually an attempt to describe the effect of molecular motion on ground- 
water flow systems. The second problem might be termed the macroscopic flow 
problem. This is an attempt to delineate the diffusion processes caused by heter- 
ogeneity in rocks. This is the integrated effect of the microscopic flow system on a 
larger scale. The final study being discussed here is the analysis of what might be 
termed the adsorption physics of ground-water motion. This is a study of the amount 
of solute that would be left on the porous solid owing to ion exchange or to evapor- 
ation of ground water. 

It is important to note that the studies being discussed here have not been a 
search for the perfect isotope. The isotope used did have ion-exchange characteristics 
which caused exchange to occur; an attempt has been made to use these charac- 
teristics as an aid in solving the flow problem. 


2. PHYSICAL PRINCIPLES OF MICROSCOPIC FLOW 


The detailed motion of liquids in porous solids involves both molecular motion 
and the flow due to the hydraulic potential energy gradient. The molecular motion 
is due to the random motion of the water and solute molecules caused by thermal 
agitation. The liquid will not move in simple diverging lines around an obstruction 
in a two-dimensional flow system, later to converge and join, as is familiarly calculated 
by an analysis of Laplacian flow systems. We could see, instead, that the molecules 
of adjacent streamlines that moved around an obstruction would not necessarily 
close back on themselves and remain as adjacent entities. One apparent reason for 
this is that the rates of flow on opposite sides of the obstruction might vary. The 
problem is deeper than this, however. 

Consider the molecular motion of the particles of a solute dissolved in the water 
flowing within the porous block. It can be shown that a particle of the solute can 
change from one hydraulic streamline to another; as a matter of fact, it would be 
expected to do so. Therefore, a dye, or a tracer, originally in the liquid composing 
a certain streamline would, at a later time, find itself lying within another streamline. 
It might be added that passing an obstruction would not be required to accomplish 
this. However, the question of the difference of rate of movement of the solute in 
the two- or three-dimensional case would involve the question of whether the mole- 
cular motions that cause diffusion between streamlines would be increased or decreased 
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by an obstruction formed by the solid fraction of the porous solid. It would be very 
difficult to solve the problem mathematically for the three-dimensional case. This 
is the case of prime concern in the study of ground-water motion. Studies of such 
motion by the use of-statistical hydrodynamics might conceivably answer the question 
of whether molecular motions did vary, but it would be in terms of parameters that 
the ground-water hydrologist would never be able to measure. Therefore, even 
though a sound physical system for explaining the phenomena might be reached, 
it probably would not lead to a system by which the engineer could attack the problem 
in the field. 

Part of the problem here is to raise to a higher level the parameters by which 
the physical system is measured—the level at which it would be possible to describe 
the system by parameters measurable in the field. A problem of studying the motion 
of liquid in a composite laminar- and molecular-flow system in a porous solid was 
undertaken in Phoenix with just such a goal in mind. 

Experimentally, separation of the two flow systems, molecular and laminar, 
is rather difficult. Use of a tracer to do this must necessarily be handled in a quan- 
titative manner. This can be done by the use of radioisotopes as tracers. Optical 
or electrical tracers are usually unsatisfactory as a method of analyzing the diffusion 
within a flow system in a porous solid. Further, it is not possible to construct dye 
systems that can be observed quantitatively within porous blocks by optical means. 
Therefore, the flow system will be hidden from us by any system that involves light. 
Further, if the tracer were observed as it moved through the porous solid it would 
be found that the tracer would be ion-exchanged onto the solid and therefore would 
not be moving at the same rate as the liquid itself. Since the tracer would be ion- 
exchanged onto the solid, we would find that we could draw erroneous conclusions 
concerning the flow system. If we put a tracer of any substantial density into a liquid 
we would find the tracer subsiding because of the density component. Further, if 
we mix dyes into a solution that forms a heterogeneous boundary between the matrix 


Fig. 1 — Porous block used for an aquifer in radiotracer experiment. 
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solution and the dye, intense forces due to surface tension would be involved. These 
characteristics of the flow system must be accounted. for in a system of experiments. 

The ion-exchange problem was handled in Phoenix by taking the tracer’s ion- 
exchange characteristics into account. The density effects and surface tension were 
eliminated .by using a matrix liquid and tracer having identical chemical charac- 
teristics. The chemicals were inserted into a porous block of artificial sandstone 
constructed by cementing sand with epoxy resin. One such block is shown in the 
photograph of figure 1. The resulting material was very resistant to acids, which is 
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Fig. 2 — Hydraulic diagram of the experiment. 


important since it prevents spilling of radiochemicals by block decomposition durin 
the experiment. The porous block was surrounded by an impermeable mixture a 
rage and mica painted onto the sides of the block. At the upper and lower ends of 
is ane anes: tanks to contain the liquid entering and to receive the liquid 
g the block. These tanks are connected to a hydraulic system for handling 


nS weak acids and radiochemical. The system is shown by diagram in figure 2. A 
photograph of the complete installation is shown in figure 3. 
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Fig. 3 — Radiotracer experiment in operation. 


The liquid circulated in the porous block prior to the injection of the radioche- 
mical is a weak solution of phosphoric acid. The tracer also is phosphoric acid, but 
its phosphorus is radioactive. The gross liquid is circulated through the block long 
enough to set up ion-exchange equilibrium between the gross liquid and the solid. 
This requires about 2 months. After ion-exchange equilibrium is reached by the gross 
liquid, a small cylindrical stream of tracer is injected into the block. This tracer has 
a small amount of radiophosphorus. Thus, even though the tracer is tagged, the gross 
liquid and the tracer are identical in their chemical characteristics as well as in their 
density. Since ion-exchange equilibrium has been reached between the material 
already on the block and the liquid, there is no new ion-exchange potential except 
that due to isotopic exchange. The radioactive phosphorus then is exchanged with 
the phosphorus already adsorbed onto the block wherever the tracer has been. This 
material that is exchanged onto the block leaves a path that is proportional to the 
~ concentration of the radiophosphorus at any point on the block. In this way, there 
is no effect of ion-exchange, density, or surface tension on the dye material, yet the 
path is quantitatively measurable. 

Upon reaching equilibrium in the exchange process, the block is prepared for 
an analysis of the path the tracer has taken. The block is dissected on a saw capable 
of cutting sandstone into thin slabs. These slabs are then placed on the top of radio- 
graphic film. A spot on the film is exposed, from which the density of isotopic ex- 
change that has occurred can be measured, the density of exposure being proportional 
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to the amount of radioactivity at any given place. This is a sensitive arrangement 
by which the radioactivity can be measured, since it reduces the effects of counter 
geometry to a minimum. The film is placed under a microscope and a density analysis 
made of the grains of exposed film. ~ 
In addition to the film analysis, a traverse is made with a small scintillation 
counter which is moved across the face of the blocks in parallel lines so that a con- 
centration analysis can be made. A graph showing the results for a quasi-infinitesimal 
line source at the point of injection is shown as figure 4. This analysis may be converted 
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Fig. 4 — Graphs showing the lateral sno mpans of the tracer as it traversed the 
ock. 


from radioactivity into density of solution and an xy plot of the concentration profile 
reached. The concentration profile can be used to analyze the path which the solute 
travels in the liquid as it moves through the solid block. A calculation concerning 
diffusion of the filament in a free liquid without the porous block has been made 
and is available in many of the handbooks of physics. The experimental data derived 
ne this experiment show that the diffusion is less when the filament is moving 
yeti sr Nie block than it would be when stationary in the free liquid. These 
ee merle ae continued to determine the effects of changes in velocity. It 
sete et at many such flow-line experiments can be conducted for various 

at are encountered today in the distribution of waste injected into aquifers. 
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3. PHYSICS OF MACROSCOPIC GROUND-WATER FLOW 


The problem of studying macroscopic flow is the problem of deciding which 
level of variables to study. If we try to maintain variables lying in the realm of sta- 
tistical hydrodynamics, we find that we are working with variables that would not 
be available for field use. We have to integrate, so to speak, parameters of statistical 
hydrodynamics into parameters of a higher order. Actually, it is desirable that we 
integrate these parameters into the highest order possible. As an example, it would 
be ideal if we could describe a whole aquifer by a single number. This is not possible, 
however, since a description is required of the rocks that make up the aquifer their 
geometry and their permeability parameters. We are interested in studying the head 
potentials throughout the aquifer, and therefore we desire to describe them at every 
point in the aquifer, as well as to describe whatever controls the head at the various 
points. If the controls operative within the aquifer vary in space they must be des- 
cribed by the quantity and geometry of their variation. For these reasons, the 
experiments of the type just described must be expanded. It is necessary to integrate 
the effects of all the small streamlines and molecular motions into larger quantities 
that can be handled in the field by data that are measurable. In this way, it is pos- 
sible to give meaning to the entities that control the economic development of ground 
water in the region. The controls on hydraulic head in the aquifer vary discontinuously 
in most aquifers, leading to a problem in the study of heterogeneous systems. The 
severest problem that the ground-water hydrologist encounters is that of heteroge- 
neity. 

Heterogeneity is a descriptive phrase only in terms of the magnitude by which 
the problem is being described. Certainly, the individual pore spaces are heter- 
ogeneous at the boundary between the liquid mass and the solid. It could be stated, 
further, that adjoining pore spaces are heterogeneous with respect to one another. 
But the hydrologist is usually not interested in the magnitude of heterogeneity just 
described. The hydrologist is normally able to integrate the effects into a parameter 
of higher order, an example being the permeability factor of Darcy and the storage 
coefficient of Theis. 

In the case of permeability, there still remains the question of the degree to 
which permeability should be described. If the aquifer is composed of small lenses 
of sand and gravel, should the description involve all the small lenses or should a 
parameter be derived to integrate the effect? It is obviously desirable to describe 
it on the highest order possible. The scientist cannot choose the order because the 
nature of the physical problem decides the highest order possible. It is expensive 
and time consuming to use a lower order than this. 

It appears, then, that it is necessary to determine variables that will describe 
heterogeneity on a higher order than is possible today. This will require a considerable 
amount of effort in the future years on the part of research workers in hydrology. 
One such project is to be described. The project is a study on the control of stream- 
lines by heterogeneous aquifers which are receiving injected wastes. 

The classical discussions of the theory of ground-water motion do not analyze 
streamlines that would mix and intertwine. The apparent conclusion from. such 
studies is that this could not occur. This conclusion would appear to be logical, 
since the classical studies consider only two-dimensional flow with no heterogeneity. 
Once heterogeneity is involved and a third dimension is added, the angles at which 
the streamlines are refracted because of variations in permeability cause the flow lines 
to be intertwined and quite complicated. The discontinuities in the permeability 
tensor cause the flow to be at angles to the flow encountered in a more gross sense. 
Yet, if the flow lines were observed in greater detail, the flow would always be parallel 
to the gradient in the microscopic sense if the permeability tensor were a scalar. 
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The control on streamlines is what we term the heterogeneity of the aquifer materials. 
The analysis of flow problems in the field requires more information and techniques 
than are available today. Experimental techniques utilized in the laboratory are 
described below. ~ ; 

The problem was studied by using thin (1- to 4-inch) slabs of the artificial sand- 
stone. These thin slabs were cemented to glass on one side; the other side was sealed 
by a very thin (approximately 0.005-inch) coat of epoxy and mica. Qualitatively, 
the streamlines were available for analysis along a single horizontal plane by observing 
colored dye in the flow system through the glass plate. Figure 5 is a diagram of the 


Water tank 


Dye—injection 
tonk 


Glass 


Artificial 
sandstone |, 
Film of 


Fig. 5 — Model used for StF ee to analyze flow system by observing path 
of dye. 


Fig. 6 — Dye-tracer experiment in operation. 
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construction of such a model. Figure 6 shows an experiment as it is being conducted. 
The movement of the colored dye was studied by photographing it in color with 
a 35 mm still camera and a 16 mm movie camera. 

The qualitative analysis in most respects answers the problems that are of impor- 
tance today, but the analysis, as it develops, will depend more and more on the quan- 
titative phase of the problem. It will become important once again to use a radio- 
tracer. The blocks are being prepared for this by sealing one side of the block by a 
thin layer of epoxy resin and mica. This thin layer will allow a radiographic analysis 
of quantities and location of tracer materials. It is even possible to establish small 
counters within the matrix itself; however, the description would not be as continuous 
as could be observed by using film. The counter probes have been constructed by 
using a quartz tube, on the end of which scintillation-detecting crystals are cemented. 
These tubes pipe the light from the crystals to outside the block where it can be 
measured. 

The observations to date show that there is a very complex intertwining with 
apparent mixing. This is considerably different than would be expected from a simple 
mathematical analysis of homogeneous matrixes. These experiments show that the 
flow systems encountered in waste-disposal studies are very complex. Much infor- 
mation is needed for the future, so the techniques described here are being expanded. 

In addition to the question of heterogeneity of the matrix is the problem of 
heterogeneity of the liquids. This occurs when liquids of one characteristic form a 
surface against liquids of another characteristic. This is the problem that we encounter 
along the ocean fronts where the ocean is trying to invade the aquifer. We see it in 
the case of contaminants, intruding an aquifer by waste disposal processes, against 
the gross liquid of the aquifer. The result is an integration of the effects of both the 
intertwining of streamlines and the molecular motions with superimposed physical 
force fields due to density differences and surface forces of heterogeneous liquids. 

Analyses of these problems are being made by a method similar to that described 
previously. A good illustration may be found in the study of the Ghyben-Herzberg 
lens along coastal aquifers. Once again, thin slabs of artificial sandstone butted 
against plate glass have been constructed. Qualitatively, the dye-marked salt water 
can be observed through the plate glass as it contacts the uncolored liquid. On the 
other side of the model is a thin layer of epoxy resin and mica by means of which a 
radiographic-film analysis of the actual quantitative response of the diffusive system 
can be made. This system measures the integrated aspect of the microscopic molecular 
flow system combined with the laminar system as affected by tidal oscillations. In 
the case of waste disposal, the intrusion of a long finger of contaminant into the 
aquifer results in a dynamic front of waste material obeying the same physical laws 
as those describing an ocean front. There is derived, then, the combination of these 
two flow systems in their steady state, or if desired in their nonsteady state, by utilizing 
the models. Both features—the qualitative and the quantitative aspects—then may 
be taken from the same model. 

It is obvious that the two systems for the heterogeneous fluid and heterogeneous 
matrix can be combined for study. This is a project that will be undertaken as soon 
as sufficient information concerning the single system is available. It should furnish 
both quantitative and qualitative information concerning the effects of heterogeneity 
on oscillatory systems near the sea front and on intruding systems of the type encoun- 
tered in waste-disposal studies. 

The experimental techniques just outlined involved a sandstone with an abso- 
lutely tight-bound surface between the glass and the sandstone. It is possible, then, 
to make observations along at least one plane of the flow systems. The colored dyes 
led to an analysis that could be recorded on photographic film. With quantitative 
information added through the use of a radioisotope, a mathematical analysis can 
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be made. This does not end the experimental techniques, however. Once again, these 
models are dissected with saws to determine the.tracer distribution in three dimen- 
sions. In this case, the quantity of the tracer that is adsorbed may be used to analyze 
the effects in three dimensions. This gives a rather complete picture of the flow system. 

Another system of ground-water physics is being investigated at the present 
time. It is in an early stage of development; therefore, it will be possible only to 
outline the current activity in model construction. The results will be reported at 
a later date. We will call this the solute physics of ground-water motion. The most 
obvious consideration, that of adsorption processes, is of minor interest in the present 
program, however. 


4. SOLUTE PHYSICS IN GROUND-WATER MOTION 


Considerable interest is centered in the movement of the water above the water 
table in aquifer systems. This, of course, includes the physics of both liquid and 
vapor transport. There is probably no more complex mathematical system commonly 
encountered by physicists today than the one it would take to describe water motion 
in a porous region that is only partially saturated. The involved mathematics and 
physics of such systems take into account the total energy distribution due to motion 
of the frictional flow system and the motion of water in the vapor phase. Because 


Fig. 7 — Artificial-sandstone column to be used to study macroscopic flow in 
unsaturated porous media. 
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of its complexity it appears that analysis from the statistical hydrodynamic viewpoint 
is desirable. Such a description is not satisfactory, though, for use by the engineer 
in the field. Research teams are attempting to integrate the parameters of a statis- 
tical hydrodynamic description to that of a higher order macroscopic field such as 
is described by the permeability tensor. Part of the experimental techniques under 
development by the U.S. Geological Survey are outlined in the following paragraph. 

Long, vertical columns are being constructed from a sandstone, again made 
from sand and epoxy resin. Such a column is pictured in figure 7. A small amount 
of water may be started to flow at the top; the water table is kept at the bottom of 
the model. The column can be of any degree of heterogeneity desired. The liquids 
that are going to flow through this will be tagged by radioisotopes. The radioisotopes 
will be of two types—one that will move with the liquid (tritium), and anther that 
will be dissolved into the liquid (phosphorus-32). The matrix of which the model 
is constructed will be brought to ion-exchange equilibrium with the phosphorus-32. 
This is to assure that there will not be excessive adsorption of the radiochemical 
onto the block. During the experiment, a continuing inventory will be made of the 
amount of solute left in place as evaporation continues. This is to trace out the rate 
of evaporation and condensation. The flow of incoming water at the top of the model 
will be varied to control the conditions being tested. The motion is due to the poten- 
tial system caused by the gravity field, the temperature gradient, and these and other 
factors controlling vapor transport, at least. The tracers, and temperature- and pres- 
sure-measuring devices, will be used to inventory energy and quantity of water. 
If the water leaves the liquid phase and begins to move by vapor the phosphorus-32 
will be left in place. Where vapor is leaving, then, phosphorus-32 will increase in 
concentration. The total amount of liquid at any site will be measured by means of 
the tritium. If the tritium problem becomes too severe to handle in the laboratory, 
neutron counters designed for measuring soil moisture will be used. However, it 
will be possible to reduce the problem of counter geometry considerably if tritium 
can be used. An analysis can then be made of the amount of water and the amount 
of vapor at any time and place by running a continuous record of the changes in 
nuclear radiation and types of nuclear radiation at any given site. It will then be 
possible to make a study of the liquid that has moved down through the column to 
the water table, and to correlate its amount with the energies causing motion. These 
experiments will be continued long enough to record the total history of any distur- 
bance initiated at the top of the column. From these data the mathematician will 
try to develop parameters that will adequately describe such flow systems in terms 
of field conditions. Columns of uniform permeability will be used at first; heter- 
ogeneity can be introduced later when the problem is isolated to its more simple 
aspects. 
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THE PATTERN OF FLOW IN THE VICINITY 
OF A RECHARGING AND DISCHARGING PAIR OF 
WELLS IN AN AQUIFER HAVING AREAL 
PARALLEL FLOW * 


J.A. DACOSTA and R.R. BENNETT 
U.S. Geological Survey, Washington, D.C. 


SUMMARY 


To determine the pattern of flow in the vicinity of a pair of wells of which 
one is being recharged and one is discharging is important in solving certain ground- 
water problems, such as those involved in the application of tracers and the disposal 
of liquid contaminants. The mathematical relationships of the flow characteristics are 
of significance in the design of a well disposal system, particularly where waste liquids 
are to be disposed of near pumped water-supply wells. p 

Through the application of functions of a complex variable the general equations 
are derived for the steady-state flow pattern in the vicinity of a recharging-discharging 
pair of wells in an aquifer having areal parallel flow. The equations can be used to 
determine the quantity of interflow between the wells for any recharge and discharge 
rates ane for different angles between the line joining the wells and the line of natural 
areal flow. 

Flow patterns are given for examples in which the recharge-discharge rates are 
equal and in which the wells are aligned at various angles to the direction of areal 
flow. The flow patterns for these examples indicate that the interception of water 
from the recharge well by the discharge well is not at a minimum where the recharge 
well is directly downgradient from the discharge well; instead, the interflow may be 
least where the two wells (recharge well downstream) are aligned at a substantial 
angle to the direction of areal flow. The mathematical solutions of these examples were 
verified by graphical construction of flow nets. 


RESUME 


Le systéme d’écoulement plan a proximité d’un puits d’alimentation (source) 
et d’un puits est trés important pour résoudre certains problémes d’eaux souterraines 
par exemple ceux concernant les applications des traceurs et la destruction des déchets. 
Les expressions mathématiques qui décrivent les caractéristiques de 1l’écoulement 
sont importantes dans la construction d’un systéme de destruction des déchets, en 
particulier quand les déchets liquides sont éliminés dans les environs de puits de 
distribution. Avec l’aide des fonctions de variable complexe on a écrit les équations 
générales du systéme de l’écoulement plan permanent autour d’une paire de puits 
situés dans une nappe aquifére avec écoulement paralléle. Ces équations peuvent étre 
utilis¢es pour déterminer la circulation entre les deux puits quelle que soit la propor- 
tion du débit d’alimentation et pour des angles différents entre la ligne joignant les 
puits et la direction de I’écoulement paralléle. 

Des exemples de reseaux d’équipotentielles et de lignes de courant sont donnés; 
dans ces exemples les débits du puits et de la source sont les mémes et les deux puits 
sont alignés avec des angles variés sur la direction de 1’écoulement paralléle. Les 
réseaux pour ces exemples indiquent que l’interception de l’eau de la source par le 
puits n'est pas au minimum quand la source est placée directement a l’aval du puits; 

u lieu de cela, la circulation entre les deux puits peut étre moindre quand les deux 
puits sont alignés avec un angle substantiel sur la direction de l’écoulement parallele. 
Les solutions mathématiques de ces exemples ont été vérifiées par construction géo- 
métrique des réseaux d’équipotentielles et de lignes de courant. 


* Publication authorized by the Director, U.S. Geological Survey. 
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1. INTRODUCTION 


The relationships describing the patterns of flow in the vicinity of recharging 
and discharging wells are of significance in ground-water development and utilization 
because of the need to dispose of various liquid contaminants, such as some types 
of radioactive waste, and the return of ground water after it has been warmed from 
use in air conditioning. 


The problem is primarily one of designing a recharge-discharge well system so 
that the liquid injected into a recharge well will not reach nearby pumped water- 
supply wells. 


All aquifers have some natural areal flow through them; consequently the flow 
patterns around recharging and discharging wells are affected by the strength and 
direction of the areal flow. 


The steady-state flow formed by a pair of recharging and discharging wells in 
an aquifer having natural parallel flow is identical to the flow system, source and sink 
superimposed on a field of parallel flow, of classical hydrodynamics (Milne-Thomson, 
1938, p. 198, 202, 204) (*) Jacob (1950, p. 348-351) analyzed the problem for a recharge 
well situated directly downgradient from the discharge well and determined the 
relationship of the quantity of interflow between the wells and the ratio of the rate 
of recharge and discharge to the areal flow rate and the distance between the wells. 


Dr. C.V. Theis of the U.S. Geological Survey (personal communication, 1959) 
recently analyzed the problem by use of graphical methods and found that there is 
less interflow between the wells if the wells are aligned at an angle to the direction 
of areal flow, with the recharge well downstream. At the suggestion of Dr. Theis 
the senior author determined mathematically the relationship of the various factors 
affecting the interflow between the wells. The expressions relating those factors and 
flow nets, constructed graphically, for various conditions of interflow are given in 
this paper. 


2. DEFINITION OF THE FLOW SYSTEM 


For the problem considered in this paper the discharge and recharge rates of 
the two wells have the same value (Q). The discharge well is one the x-axis at a point 
with coordinates (—a,0) and the recharge well at a point on the x-axis (+ a,0) (fig. 1): 
If the flow system created by the pair of discharge and recharge wells is superimposed 
on a natural system of areal parallel flow of velocity (vo) whose orientation is at an 
angle (a) with the x-axis, measured counterclockwise from that axis, the resulting 
flow system may be represented by the complex potential W and described by the 


relation: 


Q 
W—= Uz g In(z — a) + —/In(z + a) (1) 
270 270 
in which 
U = voe?# = vo(cosa — i sina) (1a) 
and 
z=x+iy 


(*) See references at end of paper. 
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Equation (1) may be written: 


Q ? 
W = — vo(cosa —isina)(x + iy) + — In[(x + a)? + yp? + 
250 me 
iQ gh Q In{@ — a)? + y? ata fee —1 (2) 
== = y?] i tan 
= 270 seis xt+a 2% al 27 x—a 


Discharge well (Q) Recharge well (Q) 


Fig. 1 — Diagram showing position of recharge and discharge wells with respect 
to the coordinate axes and the method of measuring a, the angle between the 
direction of areal flow and the wells. 


AsW= & + i¥, in which © is the velocity potential and y the stream function, 
equation (2) after simplifying, becomes: 


lima Qi oe 2ay : 
as 1 ee a ee Pee aes (3) 
and 
2 2 
b = vo (x'cos' a 4 sing) ee ata’ (4) 


4 (x — a)? + y2 


Equations (3) and (4) show that the stream function and the velocity potential 
are dependent upon the ratio of the recharge-discharge rate to the areal flow rate, 


the angle between the direction of areal flow and the line joining the wells, and the 
distance between the two wells. 


The interflow between the wells is dependent on the pattern of flow between 
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~ them and thus is in turn dependent on the values of the stream function and the 


velocity potential. 


The conditions governing the interflow between the wells are characterized by 
the location of the stagnation points that is, the points at which the velocity is zero. 


The stagnation points are thus the points where 


dw 
dz, 
Hence, from (1) and (1a): 
dw : (@) 
—— = — vei 4 came (5) 
dz 27(z+ a) 27t(z—a) 


or, after solving for Z and simplifying: 


zZ=x+Iiy=a ji Q (cosa + ising) (6) 
7tavo 


which is the general expression for the location of the stagnation points. 
The values of x and y, the coordinates of the stagnation points, are given by 
the following expressions: 


1 a : 
wea (ce © cosa) +a, fat (=) pri? cosa (7) 
2 JEVO AN) Jtvo 
1 2 
yer fi 2 eer a ja a 2 ee COs O (8) 
Ni 2 | \zv0 IYO ItV0 


Equations (7) and (8) usually yield two pairs of values for x and y; these values, 
however, cannot be combined in an arbitrary manner. The permissible pairs of x 
and y are those of opposite signs. 

A graph showing the locations of the stagnation points for the different values 


and 


of and a, is shown in figure 2. The angle a, at which the values of y are ata 
TTavo 

maximum, also is shown. The maximum values of y, 

at which the stagnation points are at the greatest distance 

through the pair of wells. 


The maximum values of y correspond also to the ang 


of course, indicate the locations 
from the x-axis, the line 


le Gm which, for a given 


, is that at which the interflow between the wells is at a minimum. 
Jt avo 

The maximum of y is obtained from equation 

dy/dx and equating it to zero. Performing this 0 


the relation: 


ratio 


(8) by determining the derivative 
peration and simplifying produce 


g (9) 
27tavo 


cos Am = 


which is the general expression for the angle at which the interflow between the 
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Fig. 2 — Curves showing location of stagnation points for different values of 


and the angle (a) between the direction of areal flow and the line formed 
TTAaVO 


by the recharging and discharging pair of wells. 


recharge and discharge well is at a minimum. Thus from (9) the cosine of the angle 

Gm varies directly with the ratio — and inversely with the half-distance (a) between 
vo 

the two wells. 


A curve showing the relation of Gm to different values of 


is shown in fig. 3 - 
JTaAVo 


The quantity of interflow (1) between the wells, as a percentage of Q, is given by 
multiplying by 2 the difference between the value of the stream function at the origin 


of coordinates (Wo,o) and the value of the stream function at one of the stagnation 
points (Ws); that is: 


I = 2(Yo,0 — Ws) (10) 
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Fig. 3 — Relation between angle (@), at which interflow between wells is at a mini- 


mum, and 


Ttavo 


are obtained from equation (3) 


Values of wo,o and ws for different values of 
Jtavo 


by substituting therein the coordinate values of the corresponding stagnation points. 
The interflow (1) so derived may be plotted against different angles (a) for 


different values of _ A set of such curves is given in figure 4. The curves show 


TTaAVO 


and that the angle (@m) at which 


that the amount of interfiow decreases with 
Jtavo 


(4) =a uhe 


the interflow is at a minimum also varies with different values of 
qtavo 


— 1.59 shows that the interflow is about 11 percent where @ is 00 


curve for 
7Tavo 


—that is, when the recharge well is directly downstream from the discharge well, 
and decreases to a minimum of 10 percent at an angle (Am) of 37.3°. The interflow 


, at an angle (a) of 180° — that is, where 
Tavo 
the recharge well is directly upstream from the discharge well. 


is 100 percent, as it is for all values of 


— 1.27 shows that, except for one point at which the inter- 


Tke curve for 
TTavo 
flow is zero, there is positive interflow between the wells. The curves for smaller 


show 


values of 
7avo 


(*) As considered in this paper the interflow may be less than zero; that is, 
the pattern of flow is such that flow lines representing the natural areal flow pass 
between the two wells. Thus the values of negative interflow are quantitative repre- 
sentations of the number of such flow lines separating the flow between the wells. 
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Fig. 4 — Graph showing the relationships of the interflow between the wells and the 
angle (/) formed by the areal-flow direction and the recharging and discharging 


ay Bs 
pair of wells for different values of ——. 
Tao 


that, for segments of the curves corresponding to certain ranges of angle a, there 


is negative interflow. Thus the value of = 1.27 is a limiting condition; that 


Tavo 


is, there is positive interflow for values of 


larger than 1.27 at all angles a, and 
Jtavo 


there is negative interflow for smaller values of 


within certain ranges of anglea. 
TTaVo 


3. FLOW NETS 


Flow nets showing different conditions of interflow were constructed graphically 
by superimposing the flow nets for a pair of recharging and discharging wells (fig. 5) 
on a grid representing areal parallel flow. The resulting flow nets, for different 


angles (a) and for 


en = 1.27 and 1.0, are shown in figures 6-9. The following 
. . 0 
table gives the pertinent values for the flow nets. 
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a 
(degrees) 


= 1.27 
wtavo 
(ae So a 
y o y I 
a (% Q) (% Q) (% O) 
+ 0.523 0.000 + 0.002 + 4.4 
+ .644 = .164 — .500 0.0 
+ .556 355. = .455 + 9.0 
-000 a= 632 .000 -+- 100.0 


Fig. 5 — Flow net formed by a recharging- 


aquifer having no areal flow. 


discharging pair of wells ina hypothetical 


S31 


Ly 


Direction of areal fare 


Fig. 6 — Flow net for recharging-discharging pair of wells with 
A-angle a = 0°, B-angle a = 50.5°. 


Fig. 7 — Flow net for recharging-discharging pair of wells with ia = OE 
TTAVO 


A-angle a = 90°, B-angle a = 180°. 
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see 3 ; ; Q 
Fig. 8 — Flow net for recharging-discharging pair of wells with —<— — 1.0, 


TTaVo 
A-angle a = 0°, B-angle a = 60°, 
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C1 


a) 


Fig. 9 — Flow net for recharging-discharging pair of wells with aoe = 1.0 and 
anglea = 101°. Te 


Q 
= 1.0 
qavo 
jurors ne 
a i / o | y I 
(degrees) a | a (% Q) (% Q) (% Q) 
j ~ — 
0 0.000 0.000 0.000 0.000 0.0 
60 4 .867 + .500 2 210 =) 070 —= 14.0 
101 ae 1,169 + .420 + .461 =< 500 0 


4, CONCLUSIONS 


For problems concerned with preventing interflow between recharging and 
discharging wells, such as those involving disposal of liquid contaminants and the 
injection of warm water returned after use in air conditioning, the recharge well 
should be downgradient from the discharge well. The best downgradient direction, 
however, is not parallel to the direction of areal flow as might be supposed, but is 
at some angle to that direction. The ratio of the well recharge-discharge ratel 
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(assuming them equal) to the areal flow rate and the distance between the wells also 
are of significance in preventing interflow. According to the recharge-discharge rate, 
the areal flow rate, and the distance between the wells, interflow between the wells 
can occur at all angles regardless of whether the recharge well is downgradient from 
the discharge well. The interflow can be decreased or prevented entirely by decreasing 
the recharge-discharge rate, by increasing the distance between the wells, by aligning 
the wells at certain angles to the direction of flow, or by a combination of these 
methods. 
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C'* AGE DETERMINATION OF 
DEEP GROUND-WATERS 


K.O. MUNNICH and J.C. VOGEL 


SUMMARY 


The C!* content of the bicarbonate in recent ground-water is relatively well 
defined. It is usually about 85 % of the C!* content of recent plant material. This C1’! 
content is reached in the upper soil layers by the solution of lime through biogene 
COz from the decay of humus. It is not altered considerably during the further history 
of the ground-water by isotopic exchange with limestone for instance or by other 
effects. Thus the radioactive decay prevails and the time elapsed since the water 
penetrated the surface layers of the soil can be estimated by measurement of the C™ 
content. Because of the 5600 years halflife of C14 the method is suitable for estimation 
of residence times of deep ground-waters up to about 25000 years. First results have 
been obtained in Germany. Investigations of the presumably fossil ground-waters 
in the North African Desert are underway. 


You probably know about dating of organic matter by means of radioactive 
carbon C14. This method is based on the fact that all living matter contains cosmic- 
ray produced Cl4 at a fixed ratio (C!4/C!2 = 1: 10!*). Consequently, we have a 
standard Cl4 content of living matter and denote it with 100 %. As the radioactive 
C14 decays with a half-life of roughly 6000 years, (Fig. 1) dating of an organic sample 
is possible by measuring the C!4 content of the sample, provided that this content 
is not altered by other effects. 


“2 
pe Cha =16 

100 % 
if 10 % 
= 
ae a fade 

 ) 

10 20 30 40 


age. > in thousand years 


Fig. 1 — Radioactive decay of Cl4 with time (half life 5600 yrs). 


A few years ago we were able to show that the dissolved bicarbonate in recent 
ground-water also contains C14 at a fairly fixed level. Thus, one condition for the 
dating of ground-water by C14 is given The fulfillment of the second condition, namely 
that no other effects should alter the Cl4 content during the history of the sample, 
especially that no exchange with dead limestone should occur, seemed doubtful at 
first glance. However, even the early investigations of the cl4 content of relatively 
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shallow ground-water in comparison with deeper ground-water did not show remar- 
kable differences. This would not be the case if the exchange between bicarbonate 
in the water and carbonate in the limestone played an important role. This result 
is strongly confirmed by our work on the C!# content of*ground-water which I shall 
shortly discuss later on. 

cCl4 dating of old ground-water, therefore, should be possible and in fact, in 
collaboration with Prof. Brinkmann, Bonn, we obtained water ages in the order 
of several thousand years in a water-profile in the lignite area of Cologne and in the 
area of Salzgitter. 

Ground-water commonly contains considerable amounts of calcium _bicar- 
bonate, up to about 10 mE/I. Such quantities are only stable under a COz partial 
pressure much larger than is present in the atmosphere. Calculation of the conditions 
for equilibrium in the reaction 


dd) CaCO3 + COzg + H20 = Catt + 2HCOs3"; 


gives the relationship between the concentration of COzg and bicarbonate shown in 
Fig. 2. The atmospheric COz (300 ppm) can only dissolve between 1 and 2 mE/l 
of calcium bicarbonate; 10 mE/I require a partial pressure in the gas phase of 1/10 
of an atmosphere. Normally, hard water contains from 4-10 mE bicarbonate /I, 
and can only be dissolved in the presence of air with a few % of COg. These con- 
centrations of COg, about two orders of magnitude higher than in the atmosphere, 
are actually found in the soil; the carbon dioxide supplied by the decaying humus. 
The rain-water draining through the ground takes up COg and at the same time 
dissolves limestone. When the water reaches a depth of a few meters, the process of 
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Fig. 2 — Equilibrium concentrations of bicarbonate and COg in water in contact 


with limestone as a function of CO i i 
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solution of limestone is usually completed and the water remains essentially unchang- 
ed until it emerges in a spring or is pumped from the ground. Certainly, exchange 
between the bicarbonate in the water and the limestone in contact with it takes place 
to some extent, but it is confined to a thin surface layer of the rock. It doesn’t reach 
the deeper layers because of the slowness of diffusion in solids. Consequently, our 
second condition for Cl dating holds likewise. 

Later on when the ground-water eventually comes into contact with the atmos- 
phere, the stabilizing COg soon escapes and CaCOg is precipitated as lime sinter 
or tufa etc., so that sediments of this kind can be dated also. 

Considering equation 1 again: the COzg is derived from the humus and has 
the C14 content of living plants (100 %). The dissolved lime in the water however, 
does not only have a Cl4 content of 50 % as is to be expected from equation 1, it 
is higher. First of all, there is the stabilizing COz present, which can bring the value 
up to about 60% and more important still, isotopic exchange takes place between 
the dissolved carbon and the biogenic CO: in the gas bubbles in the soil. In the 
extreme case a C!4 content of 100% would be reached. Actually this does not seem to 
occur in normal cases, the C4 content seems to lie quite generally around 85%. 


§ C3(%0) 


land 
plants 


-10 


marine 
limestone 


Fig. 3 — The two main isotope fractionation effects occurring in nature: 
: 1) The depletion in C1? during the assimilation of COz by plants. — A kinetic 


effect. ener 
2) The C13 enrichment in the bicarbonate of the ocean from. which limestone 


is derived as compared with atmospheric CO2.—An equilibrium process. 
(sCl3 = deviation of the ratio [C13/C12] from a standard (marine limestone) 


in permille). 


In order to gain a better understanding of the phenomena involved, we have 
studied the effects on the C13/C!” ratios. A summary of the differences of C!* content 
of carbon in nature is given in Fig. 3. Starting with the COge in the atmosphere we 
have a kinetic depletion in C13 of about 169/59 during assimilation and therefore 
organic matter is lighter. Marine limestone on the other hand, is slightly heavier 
because in equilibrium HCO3” and the solid CaCOg prefer the heavier isotope. 
For practical reasons the mean value of marine limestone has been chosen as the 
C13 standard. The isotope ratios thus depend on the origin of the carbon and the 
isotope separation factors involved. The general scheme in the case of water will 
be presented in more detail in Fig. 4. The /eft hand part of the diagram shows 
the relationship of the content of the heavier stable carbon isotope Cl? in 
the system atmosphere/ocean. This system is fairly in equilibrium and shows the 
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Fig. 4 — Carbon isotope ratio of the bicarbonate in ground water under varying 
natural conditions. See text for details. 


situation finally reached when the HCO37 in the liquid is in equilibrium with the 
COz in the atmosphere. Then HCOg~ is 8°/o9 richer in C13 than the atmospheric 
COz. The equilibrium fractionation factors shown in the diagram have also been 
determined experimentally in the laboratory. The deviations from the expected 
values found in the natural system are brought about by the effect of organic COs 
permanently produced by the decay of oganic matter (plancton) in the ocean. This 
effect of course, makes the carbon in the limestone lighter. 

In the central part the mechanism of the solution of limestone in the upper 
parts of the soil is shown. The limestone generally is of marine origin and has a Cl8 
value (by definition) around 0%, the COzg derived from organic material in the soil 
lies round about —249/,,. The mixture in the bicarbonate will thus be about —129/o9: 
If isotopic exchange takes place with the COs, the bicarbonate will become lighter 
until it reaches —(24-8) = hoa rs, In fact, this is just the range found in normal ground- 
water. 

In the following table I, you see a few typical results from ground-water in 
Central Europe, including a few samples of old water. We have also studied the 
further history of ground-water after it has emerged from the soil. Then in a river 
or a shallow lake three processes occur: 1) the COz escapes from the water within a 
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time of the order of hours because there is more COg in the water than can be in 

equilibrium with the atmosphere. 2) The CaCOg does not precipiate at once as we 

could show in a laboratory experiment, but it takes days until precipitation is reached. 
3) As soon as the water is in contact with the atmosphere, isotopic exchange between 
the water and the air starts. We did experiments in order to obtain quantitative 
results concerning escape of COg, precipitation of CaCOg and isotopic exchange 
These results confirm the general picture presented here. 

The possibility of dating ground-water is of course most interesting in connection 
with the question of fossil ground-water in arid regions. We have done some work 
already in the North African Desert in Libya and in Egypt. The results especially 
in the latter case will be published in the near future in collaboration with the Desert 
Institute in Cairo, Egypt. 


TABLE I 
a) recent ground water 
ce NE —————————————— 
: 
Sample No. Location C14content (*) Age (**) 
H—130 Heidelberg-Handschuhsheim 87.9+ 8 
H-154 Mannheim-Rheinau | 87.3 41.0 
H 530/6-454 Blautopf, Blaubeuren, Wttbg. 79.2+ .8 
H 533/8—456 Wiesensteig, Wttbg. 83.2+ .85 
H 451-392 Sindorf near Cologne | 86.5 + 0.9 
H 478/2-421 Wissersheim near Cologne | 88.5 + tt 


b) old ground water 


H 477/1-420 | Frechen 96 near Cologne 
H 486/5—425 | Salzgitter 


7p soos had, 10,000 yrs 


| 
/ ca 100m below surface | 22.6+ 9 10,500 yrs 
ca 800 m below surface | 


| Schacht Georg 9, Nordstob 


_ Buen ae anand REL 


(*) In percent of Heidelberg recent standard 
(**) Assuming an initial Cl4 content of 85% 
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EXPERIENCES CONCERNING THE USE OF 
RADIOACTIVE ISOTOPES IN HYDROLOGY 


F. NEUMAIER ™ 
Research Center for Radiohydrometry, Munich, Luizenstr. 37 


SUMMARY 


The author discusses the use of radioactive isotopes (I 131) in hydrology and in 
hydraulic construction projects. This method offers substantial advantages and sim- 
plifications, as the radioactive indicators, due to the radiation emitted, can be detected 
readily and accurately even in minute quantities. : 

It is possible with this technique to measure the flow velocity of the ground water; 
likewise, it is a simple matter to determine the filtration velocity, this important hydro- 
logical quantity. A description is given of several applications of this method. It is 
demonstrated finally that the radiation stresses actually occurring with the concentra- 
tions of I 131 used remain well below the tolerance limits. 


RESUME 


L’auteur décrit l’application des radio-isotopes (I 131) dans le domaine de 
Vhydrologie et des travaux d’eau. Le procédé présente des simplifications et des avan- 
tages essentiels, l’irradiation des traceurs isotopiques permettant d’en détecter les plus 
petites quantités. 

La méthode permet de mesurer la vitesse du courant d’eau souterraine ainsi que 
celle de l’écoulement des infiltrations, grandeur hydraulique importante. Plusieurs 
applications de la méthode sont ensuite exposées. Finalement il est démontré que 
Virradiation des concentrations de I 131 utilisées reste dans la pratique bien au- 
dessous des limites tolérables. 


We deliberated whether it were possible to add to a certain ground water course 
some substance which could be traced even in minute dosages. Thus the idea was 
born to try out radioactive isotopes, as they permit a particularly simple and very 
accurate marking of a water particle, letting us follow its progress and destiny 
closely. 

Before reporting on this application of radioactive isotopes, we shall give a 
short outline of the physico-technical problem as it presents itself in this instance. 

We are working with radioactive isotopes, thus with substances which, without 
any outside influences, emit a radioactive radiation (alpha, beta or gamma radiation) 
and at the same time spontaneously change into other nuclei. This transformation 
of the nucleus is called radioactivity. The radioactive disintegration is subject to a 
time slope: certain radioactive isotopes decay rapidly, others, however, very slowly. 
We then refer to short-lived or long-lived radioactive isotopes. The time required 
for the transformation of half of the nuclei A into a new type B is designated as the 
half-life of the radioisotope. After the half-life period, only half, after double the 
time, only a fourth, and after thrice the time, only an eight of the original substance 
still exists. 

if we add a radioactive isotope to water, we take advantage of its inherent 
radiation by tracing it with a radiation meter (Geiger counter). In the case 
ofa radioactive sample, we measure the number of radioactive atom disintegrations 
per time unit, meaning that we register what we term its activity. The activity is 
measured in Curie, and a specimen has the power of 1 Curie if it shows 3 x 1010 
conversions per second. 

Even if only slight traces of radioactive isotopes are present, their radioactivity 
can be detected with great exactitude. When working with iodine 131, for example, 
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we can so inoculate 240,000 m? of water uniformly with 10~? gr (one ten-millionth 

of a gram) of radioactive iodine that this tracer element still is present in a concentra- 
tion which can be detected readily. This makes the radioactive tracers, or indi- 
_cators, superior to all other substances, since minimum element traces lend them- 
selves to an exact detection and thereby allow the path of a water particle to be 
tracked correctly. 

These are the general aspects which are of interest, and we can now consider 
what the properties of the radioactive isotope must be that we need to trace the 
course of the ground water. 

First of all, it must be soluble in water; secondly, it should not be too long- 
lived, i.e. it should decay within a relatively short period so that we be spared that 
phenomenon under all circumstances which is commonly dreaded today: radiation 
damage. On the other hand, the isotope must have a lifetime sufficiently long to 
insure against complete decay during the test period, which would exclude recording 
its conversions. Thirdly, the radioactive isotope should also be low in cost. These 
three requirements are met by the artificial radioisotope iodine 131 whose gamma 
radiation emitted during disintegration is measured by us. 

In connection with many problems of hydrology and hydraulic construction 
it is of great importance to know the magnitude of the underground run-off, i.e. 
the ground-water amount passing a given cross section within a certain time unit. 
This amount is determined by the equation 


Op ve (1) 
_ where: 


Q = ground water amount in m3 per day 
y = ground water flow velocity in m per day 
F = flow cross section of the water stream. 


Abbildung 1 


Abstandsmessung 


mega nts am Pegel B 
nach Impfung am Pegel A 


Abstand Pegel A- Pegel B = 10m 


200 
{nuts bX 
100 
— Pegel B 
Zeitcmins: @———> 
100 200 300 ini 400, 500 600 700 
Fig. 1 — Interval measurement performed at Gage B after inoculation at Gage A 


(Distance between Gage A and Gage B= 10 m). 
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The procedure for determining the ground water flow velocity is the most 
simple. We introduce a radioactive element into the ground water at Point A and 
register at a water gage B, located in the flow direction of the ground water current, 
how much later the Geiger counter picks up the radiation of the inoculated particle.. 
Unfortunately, however, the two measuring points hardly ever are situated exactly 
in the flow direction of the ground water stream. Frequently, a whole series of water 
gages is necessary downstream from the injection site to record past which points 
the marked particle is carried by the subterranean current. 

The curve of Fig. 1 represents the passage of a water particle marked in this 
manner. At the outstart, the Geiger counter measures the background activity only; 
as soon as the inoculated water particle enters the measuring range, the observed 
count per minute increases, climbs to a maximum, and finally drops to the background 
level again. This is the classical method of measuring ground water flow velocity, 
which is raised to peak detection sensitivity by the use of radioactive isotopes. 

The evaluation of the cross section F passed by the flow very often meets with 
difficulties. Though it is possible to determine the height and width of the ground 
water duct by borings at right angles to the direction of flow, the cross section 
through which the water actually moves is limited more or less by the grain structure 
of the ground water duct (sand or gravel) and may be considerably inferior to F; 
for instance, 0.2 xX F or 0.3 X F. 

This real flow cross section is thé product of the so-called effective (useful) pore 
content y of the ground water duct and the flow cross section F of this duct. 


To determine the yield of a ground water stream we therefore apply the 
extended formula 


O=vxyx F (2) 
The product y x y is customarily designated as filtration velocity vs, thus 


yp xX v= ve (3) 
Substituting (°) into (°), 
Q=vwxXF 


This means that the filtration velocity is that velocity with which the water 
moves in a tube introduced into the ground water duct. The dimension of the fil- 
tration velocity vy is given in m/day; it can also be expressed in m? per m2/day = 
water amount per cross section and day. 

All classical methods for determining y and y are time-consuming, expensive 
and, very often, unreliable. Likewise, it is difficult to ascertain vy through the Law 
of Darcy (vr = k X J) because the determination of the impermeability coefficient 
k is still rather problematical, and at least several gaging tubes are necessary to find 
out the head J of the ground water current. 

It has been attempted therefore to measure the filtration velocity vr directly, 
the following considerations having served as point of departure. Introducing a 
radioactive isotope (for instance, iodine 131) into the water in a filter tube and 
subsequently mixing thoroughly over the entire length of the tube, a Geiger counter 
can be sued to measure the activity concentration of the isotope in terms of impulses 
per minute at any level of the tube. 

This initial activity undergoes a deconcentration with time which is dependent 
on the known filter tube cross section and on the affluent ground water amount at 
the respective borehole depth: the higher the water inflow at a certain level the more 
tapid does the activity concentration decrease; the less water enters at another depth 
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the slower is the drop in concentration. We therefore determine by successive mea- 
surement series the activity decrease per time unit at varying measurement depths. 


According to our theoretical and practical investigations, this concentration 
drop per time unit of a radioactive indicator in the filter tube is a simple and 
unique function of the filtration velocity vf: it can be determined directly by the 
radiohydrometric method. 


The resulting advantages are obvious: all measurements are now taken in one 
filter tube, downstream gages to determine the velocity v of the ground water no 
longer being required. Also the exact direction of flow as basis for the determination 
of y need not be known. Further, it becomes unnecessary to resort to the Law of 
Darcy, with its limited range of application, to calculate vs from the quantities k 
and J. 

We successfully tried out this method as a solution to various problems. In 
connection with the drilling of wells and with the lowering of ground 
water, it is important to have knowledge of the ground water yield in a no-demand 
state. A direct yy measurement with radioactive isotopes offers the possibility today 
of determining the yield of the individual ground-water bearing strata at all levels 
of the filter tube section of a well. Having thus obtained the value of vs, the Formula 
of Darcy, 
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can be employed to ascertain, in the undisturbed ground at the site, the value of k 
for each level of the geological section. A comparison of the sections of the strata 
penetrated in drilling shows how accurately the waterflow in the ground can be 
arrived at by determining the vy values. 

Measurements of this kind serve also to answer the difficult question, for 
instance, whether a well reaches merely into the stationary water of a gradually 
diminishing ground water reservoir or into a ground water current. If no activity 
decrease is registered in a resting well after a radioactive injection, this means that 
the well draws its water from a ground water basin. Flowing ground water feeding 
the well, however, a drop in concentration will occur in a degree dependent on the 
flow velocity of the water. These findings are simple and unmistakable, whereas 
pump tests for the solution of the same problem call for expensive and protracted 
work and, frequently, do not even furnish a reliable result. 


The determination of the size of a seepage flow is of great importance in 
connection with many hydraulic construction projects. Under the dam of Lech 
Reservoir Rosshaupten near Fiissen, for instance, the banked strata strike such a 
course that seepage water from the storage basin can percolate along the strata 
joints to the tailwater. Effective sealing measures reduced seepage to a minimum, 
and numerous check borings under the deeply entrenched impervious apron of the 
dam provide the possibility at any time of measuring possible water losses trough 
seepage. Determining these losses by classical methods would indeed prove dif- 
ficult and, in some instances, problematical. 

Applying our method, we therefore collected the vr values in five check borings 
at intervals of 1.25 m over the entire borehole depth and were able thereby to deter- 
mine the seepage water passing under the apron. The reassuring findings were that 
the constructive measures to seal off the water provided the rock with those pro- 
perties it originally lacked: the rock formation today is impervious. It was possible 
further to verify that the slight amount of percolating water is distributed discretely 
over the entire cross section, and that gaping, potentially dangerous water ducts 
have not appeared. Measurements of this type naturally give rise to certain—but 
not insurmountable—technical difficulties because the water in closed borings Is 
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subject to a pressure of 3 atm, and the injector as well as the Geiger counter must 
be introduced into the check borings through a watertight lead-in lock. 

Finally, it should still be mentioned that we have conducted such concentration 
measurements of a radioisotope (iodine 131) added to water also on open water 
courses. These measurements permit us to give an account, for specified river 
sections, not only of a variation of the total amount as compared to the initial water 
amount, but, in certain cases, also of the effect of affluents and effluents on the 
overall water amount. We can determine, for instance, whether an increase of total 
flow by 20% is due to an inflow of 60% and an outflow of 40%. 

Recently, a large scale test helped us to ascertain the flow velocity of a river 
by means of adding radioactive isotopes to the water. On a 75.5-km long river section 
with a waterflow of 40 to 60 m/sec and an extremely inhomogenous flow pattern, 
we measured an average flow velocity between 0.5 and 0.7 m/sec. For this purpose 
we subdivided the entire section into five subsections and introduced the tracer at 
the beginning of each subsection. We were able thereby to keep the initial concen- 
tration of the radioactive isotope added comparatively low. A single measurement 
over the entire river section would have had the disadvantage of requiring an ino- 
culation with 60 mC at the head of the measuring section. 

It is natural that we carefully checked during our tests whether the addition of 
radioactive isotopes to the water could cause radiation injuries to humans. 

In this connection we must first of all consider the exterior effects of gamma 
rays. When passing through matter, gamma radiation is capable of splitting off 
electrons from atoms; this so-called ionization gives rise to positive and negative 
charges. 


In order to express numerically the power of the radioactive radiation having 
detrimental effects, the unit adopted is that of the radiation dose: 1 roentgen. This 
is the radiation amount which produces approximately 2 x 109 positive and negative 
electric elementary charges in 1 cm® of air. Along the trajectory of the radioactive 
projectile through the human body, unusual chemical reactions are induced which 
constitute the main source of the subsequent effects on the organism. The radiation 
dose of 1 roentgen is not a measure for the amount radiated within a time unit but 
rather for the magnitude of the radiation as a whole. The measure of the radiation 
acting upon an object per unit time is called the dose rate. 

Now there are effects which occur only if radiation is delivered in a massive 
dose within a short time. These effects, however, are not produced if the radiation 
is distributed over long periods, sort of diluted by time. For example, if a person 
is given a dose of about 500 roentgen not all at once in the course of an hour or a 
day but distributed over his entire life, this radiation will in no wise harm him. We 
must ask ourselves also how many roentgen a human may absorb per week. This 
then is the so-called safety or tolerance dose rate adopted for the amount of radiation 
which a person working with radioactive samples, for instance, may be exposed to. 
This tolerance dose rate for a long time was set at 0.3 roentgen per week; today it 
has been reduced to 0.1 roentgen per week. This is the dose still considered admis- 
sible for human beings. These safety doses are completely adequate by modern 
medical standards to prevent injury by radiation. 

We wish to cite an example from among our tests on open water courses where 
we had to work under very unfavorable conditions. The flow of a regulated river 
amounted to 6 m/sec at the unjection site of the radioactive isotope; 10 mC of 
iodine 131 were introduced into the water. The main portion of the water inoculated 
with iodine 131 passed the upper measuring point after 1.5 minutes. At this measuring 
point the exterior action of the radiation on a body floating in the water reached 
a maximum of only 0.4% of the tolerance dose rate. 


When working with radioactive isotopes, one must finally still consider how 
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high the maximum admissible concentration of radioactivity in the water (MACW) 
may be for continuous and for temporary use. In our tests with radioactive iodine 
131, we verified that owing to radioactive decay only half of the initial amount still 
exists after 8 days; after 16 days, only a quarter remains, and after 2 months, over 
99% have undergone complete disintegration. 

To measure the filtration velocity in a well, we must so adjust the concentration 
of the radioisotope added to the water that the first measurement with the Geiger 
counter register a count of about 1,000 impulses per minute. In the case of filter 
tube diameters between 8 and 10 cm, this impulse rate corresponds to an initial 
concentration of the iodine-131 indicator of approximately ca = 2 x 10-3 mC/cm?. 

We have performed calculations for several cases of radiation stress. Let it be 
assumed, for instance, that we add a tracer element to water in a gaging tube and 
that the practically impossible case occurs that someone drinks 3/4 liter of the 
inoculated water immediately after. No injurious effects need be feared even in this 
event. We may therefore state that it is not dangerous to drink the water from the 
gaging tube right after it has been inoculated. 

Actually, the borehole is accessible to unauthorized persons no earlier than 
after completion of the test, the indicator concentration then amounting to about 
1/20 of the initial concentration, a value that is already substantially inferior to the 
tolerance limit admissible for a several-day period. As far as the maximum activity 
rate admissible in the body is concerned, 6 liters of water from the filter tube could 
be drunk, even under the aggravating assumption that the body stores all of the 
indicator. 

In conclusion, we shall regard a second hypothetical case. Let us suppose that 
a well is situated 20 m downstream from a tracer injection tube. According to our 
experiences, the activity concentration of the inoculated water drops to less than 
1/2,000 of the initial value on its way to this well. If the addition of radioactive ele- 
ments were repeated continuously, a person could drink 2.5 ltrs of water from this 
well daily during his lifetime and recive only 5.6% of the maximum concentration 
admissible (MACW) for continuous use. This serves to prove that even under the 
supposition of most adverse conditions the radiation stresses arising from our ground 
water injections remain well below the tolerance limits. 

Nevertheless, we wish to underline that in work of this type a careful and cons- 
cientious handling of radioactive substances in the laboratory and in the field is 
indispensable. 
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DETECTION SENSITIVITY AND DETECTION 
LIMITS FOR RADIOACTIVE ISOTOPES USED 
IN HYDROLOGY _ 


H. MOSER and W. RAUERT 
Research Center for Radiohydrometry, Munich 


RESUME 


Les auteurs exposent les principes de l’utilisation de l’iode 131 comme traceur 
isotopique dans le domaine des mesures hydrologiques des eaux souterraines et de 
surface et indiquent les résultats obtenus avec ce procédé. ‘ 

Ils discutent ensuite la relation entre l’addition du traceur et sa détection et 
atrivent a la conclusion, que seuls des essais préliminaires permettent d’obtenir des 
indications précises sur le dosage optimum. I] suit une comparaison des deux méthodes 
de détection - l’une se basant sur le prélévement d’échantillons d’eau dont on extrait 
le traceur qui est alors mesuré, l’autre utilisant la mesure directe du traceur au courant 
d’eau. Les considérations théoriques sont vérifiées par des essais effectués au labora- 
toire et sur place. 


SUMMARY ‘ 


A report is given on experiences and considerations in connection with the use 
of iodine 131 as indicator for hydrological measurements on ground and open water 
currents. 

A discussion of the relationship between addition and detection of the radio- 
active tracer proves that reliable indications regarding the optimum dosage generally 
can be obtained only through preliminary tests. Following, the two detection methods 
— water samples with subsequent extraction and measuring of the indicator and 
direct measurement of the indicator in the current — are described and compared. 
The theoretical considerations are verified by laboratory and field tests. 


1. INTRODUCTION 


As underlined in the preceding paper, the employment of radioactive tracers 
increasingly allows the solution of many hydrological and hydraulic problems 
which the classical methods followed so far could deal with only inadequately or 
not at all. The following contains a short outline of the methodology adopted for 
measurements of this kind. 

A distinction must be drawn first of all between measurements on ground water 
currents, meaning watercourses accessible only through borings, and open currents: 

In the case of ground water currents the tracer element is introduced into a 
filter gaging tube, the concentration decrease of the tracer with time subsequently 
being measured in the same filter gage. The drop in concentration is the result of 
fresh, nontreated water entering the filter tube and gradually replacing the treated 


? A 
water. We are able to show (1) that this measured deconcentration i is clearly 


connected with the filter velocity yr by the relation (1). : 


A Vr X F 
log nat = t (1) 
Ao Vo 
A = tracer concentration at time tf 
Ao = initial concentration 
F passage cross section of filter tube 
Vo = volume of filter tube. 


I 
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When performing measurements on open currents, the tracer element is added 


at the beginning of a measuring section and the passage recorded at the end of this 
section. 


Measurements of this make it possible to give an account of volumetric flow 
rate, affluents and effluents along the measuring section, flow velocity, and special 
flow patterns (233). 

Of great importance in connection with the planning and performance of all 
these indicator tests is the most accurate knowledge possible of the relationship 
between the tracer amount added and its detection. Particularly for reasons of 
radiation protection, but also to keep expenditures low, the aim in each case must 
be to limit tracer activity to the lowest degree feasible. On the other hand, however, 
the quantitative proof of the tracer is the more accurate the greater the indicator 
amount used. Since a long time the problem of the optimum dosage therefore has 
been the subject of extensive tests in laboratory and field. 


A certain tracer amount or concentration existing at the point of injection will 
as a rule suffer a substantial change over the measuring section. This is due to dif- 
ferent velocities in the flow cross section, fusion and convection, hydraulic short 
circuits, slack water zones, etc. Apart from these reasons arising exclusively from 
flow conditions, indicator substance further may be lost by ion exchange, adsorption 
and chemical effects. 

Several authors attempted to arrive at formulas to cover the above effects on 
the time-concentration distribution at a certain measuring point. Actual practice 
has shown, however, that accurate forecasts of this distribution at a given measuring 
point generally are possible neither with river nor ground water measurements. 
In consequence, safe references for an optimum dosage so far can be gained only 
through empirical data. 

In addition to these general aspects, the detection method is also closely linked 
to the dosage. We must distinguish in this regard whether the indicator is traced 
in water samples (’’sampling method’’) or directly in the water current (’’direct 
measurement’’). 

These two methods shall be juxtaposed in the following and compared quan- 
titatively. The tracer element used in all tests was iodine 131, chosen for its favorable 
chemical and physical properties. 


2. SAMPLING METHOD 


2.1. Methodology and Detection Sensitivity 


From the water samples taken at the measuring point, the iodine is precipitated 
at the laboratory with silver nitrate, the precipitate filtered and dried, and the acti- 
vity measured. These measurement values furnish the indicator concentration at 
the sampling point as a function of time. 

The sensitivity E with which the tracer is detected in a water sample evidently 
is proportional to the volume of the sample V, the efficiency o of the test method, 
and the detection sensitivity Epet of the counting system: 


Imp/min 


segs ake ee (2) 
pc/em3 


B= Vx 0 Fou 


It did not matter greatly whether the measurements were performed with scin- 
tillation counters or beta end-window counters: our examinations almost consis- 
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tently furnished an average detection sensitivity of 


Jmp/min 
Clem? 
This means that about every 19th disintegration in the preparation was recorded. 


We were in a position also to prove experimentally that the proportionality of E 
and. |V| is assured in samples ranging from 0.5 to 50 Itrs. Consequently, a detection 


imp/min 
peC/cm 


E=[/V/ x 1.2 x 105 (3) 


sensitivity results with samples up to 50 Itrs of about 6 x 109 ( 


2.2. Accuracy and Detection Limit 


The accuracy with which the time-concentration curve obtained through inter- 
mittent sampling reflects the passage of the tracer element at the measuring point 
depends, on the one hand, on the time interval of sampling and, on the other, on 
the variation range of the method. According to our experiences on rivers with flow 
rates from 1 to 60 m?/sec and flow velocities of about 1 m/sec, a passage curve is 
adequately represented by means of 50 to 100 measuring points; test and measurement 
errors remain on the order of the statistical error. Taking as detection limit the three- 
fold value of the average error of the individual values of the net impulse rates, 
the lowest indicator concentration still traceable when adopting a measurement 
duration of 10 minutes and a sampling volume of 5 Itrs is 10~§ ~C/cm. This detec- 
tion limit naturally can be pushed further by increasing sample amounts and 
measuring periods. 

A large influence on the detection limit practically achievable is exerted by the 
size of the zero sampling effect. This effect comprises, on the one side, the back- 
ground in the measuring system caused by cosmic and ambient radiation and, on 
the other, the radioactivity existing in the water sample without addition of a tracer 
element. The latter influence cannot be reduced by lead shielding or anticoincidence 
arrangements; it depends, inter alia, on the acitivity of rain- or snowfall and amounts 


to several impulses per minute for 5-ltr samples, corresponding closely to the reports - 
of the water monitoring agencies. 


2.3. Example of a Field Test with Sampling 


Table I contains some data on samples taken from a 75.5-km river section 
with a flow rate between 30 and 40 m/sec. This section consists of a channel with 
an inhomogenous flow pattern, with power installations, storage ponds and bran- 
ches (in Subsection III, for instance). Flow velocities ranged between 0.5 and 0.7 
m/sec. The total section was divided into 5 subsections, which were examined indi- 
vidually. 

In column 5 have been compiled the maximum net impulse rates per mC 
indicator for the various subsections. They serve to compute the injection amounts 
needed to achieve a desired maximum tracer concentration under the prevailing 
conditions. Fig. 1 shows the time-concentration curves measured about 0.7 km 
below the confluence of Part Flows IIl4 and IIfg. The curve marked E,4 was ob- 
tained at the sampling point E4, the curve marked Ep, at the sampling point Ez 
in the same river cross section. It will be noted that the curve peaks at t = 6 and 
t= 8 hours have different elevations and that the elvation pattern after 8 hours 
has been reversed as compared to the recording after 6 hours. From this follows, 
firstly, that the two part flows had not yet mixed completely in the measuring cross 
section and, secondly, that the indicator cloud flowing through Branch III, arrived 
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TABLE I 


Data relating to field test with sampling 


Measuring | Length | Water- | Type of Current 
Section (km) flow 
No. (m3/sec) 
I 10.3 31.8 regulated chan- 
nel 
II 25 31.8 twisting, regu- 
lated channel 
Ia 15:3 10.2 partly canaliz- 
ed, with inflow 
of 11.2 m3/sec 
IIIs 16.8 21.6 twisting river 
course 
IV Fz 43.0 canal 
V 13.0 43.0 canal with 
power storage 
ponds 


Maximum Net} Half-Width 
Impulse Ra- Periods of 
tes per Unit Time-Con- 
Quantity of centration 
the Indica- Curves 
tor (min) 
Imp/min 
Sein 
G Itr pac) 
Reference: 
Test Day 
—{*) 40 
4.9 54 
4.6 40 
2.4 90 
7.4 30 
3.8 60 


eee dee Wile be SS 


(*) No comparable value available 
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fndiealoe : Subsection II (schematic) 


Concentration Injection Sampling Point 
x — Is °Es 
! \ E B Affluent 


4 j § 8 10 12 14 thrs.] 
“4 Time after Injektion 
Fig. 1 — Time-concentration curves measured at the end of subsection III. 
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I ——— Distribution with Inflow of 1/3 
Flow at Subsection I 
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Time after Injection at the 
~Head of the Entire i 


Fig. 2 — Computed passage of a single indicator cloud at the ends of subsections 
J through V. 


6 hours after the injection, whereas the tracer transported along Branch III z passed 
the measuring cross section 2 hours later. Fig. 2 shows the passage of a single 
indicator cloud through all measuring points constructed analytically from the 
passage curves obtained along the subsections. Proceeding from this basis, we can 
estimate that for a single measurement over the total section of 75 km the addition of 
at least 60 mC would have been necessary under the prevailing conditions in order 
to obtain a net impulse rate of double the background value a day after the test. 
Whether a section should be subdivided for the purpose of tracer measurements 
depends in general on the specific problems to be solved. The total indicator amount 
required will be of the same order of magnitude in both cases. 
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3. DirecT MEASUREMENT 


3.1. Methodology and Detection Sensitivity 


In the case of direct measurements, we record the indicator concentration 
either with gamma or scintillation counters (*). The detectors are placed in the main 
water current or in a diverted part current. The latter may be of advantage for 
several reasons: the measuring point can be established at a site easily accessible. 
If, in addition, the branch flow is passed through a flow container in which the detec- 
tor immerges, we obtain geometric conditions for the test which, in contrast to 
natural river cross sections, can be selected freely and reproduced readily. This 
although is of greatest importance especially for quantitative measurements of the 
time-impulse rate curve, as the impulse rates recorded in a water current depend 
heavily on the geometric arrangement of the detector relative to the flow cross section. 
This applies also in those cases where the indicator concentration remains constant 
over the cross and longitudinal sections of flow. 

It is necessary therefore to determine the detection sensitivity as a function of 


- the geometry of the water current and the detector placement. Results are easiest 


obtained in water at rest with a known tracer concentration. The measuring range 
of a nondirectional detector in an infinite radioactive medium must have the form 
of an infinitely large sphere. The corresponding maximum detection sensitivity pos- 
sible shall be taken as Emax. Actually, however, the water amounts to be measured 
are limited, and the detectors are anisotropic, so that the optimum detection sensitivity 
possible, Eop:, will always be inferior to Emax. In order to evaluate the measurement 
quantities involved, i.e. form and size of the flow cross section and placement of 
the detector, we successively surrounded the detector with progressively increased 


Imp/min 
pC7ems 


4 108 


Detection Sensitivity 


2:108 


Water Volume 


0 50 100 150 200 tt) 


Fig. 3 — Detection sensitivity of a scintillation counter in direct measurements 
in varying water amounts. 


water amounts of equal tracer concentration. Fig. 3 shows that with a water volume 
surrounding the scintillation counter cylindrically the detection sensitivity does not 
i en with 200 Itrs. In the center of a 5-m? basin we obtained a 
reach a maximum ev Etat 
C/m3 ~ 
This value also, due to the slight water depth of 0.8 m, probably still does not approach 
99% of the maximum sensitivity Emax: ; 
Changing the position of the detector in the flow cross section, considerable 
deviations may result from the optimum sensitivity Eopt ; for this reason, the detec- 
tors employed for flow measurements in open currents should be placed at least 


detection sensitivity with the scintillation counter FH 451 of Ei= 4.8 x 108 


= ements we used the gamma counter FHZ 24 (length, 18.5 cm; 
D@ pee epics ers to 300 m long, and the scintillation counters FH 451 and 
421 (crystal, 3 X 2cm; respectively, 3.8 X 2.5 cm), on 20-m cables, of the firm of 


Friesecke & Hoepfner, Erlangen. 
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30 cm away from the cross section boundaries. In the case of small or highly varied 
current cross sections it is advisable to perform the measurements rather in geome- 
trically equal flow containers (see above) than in the main water current. 


f a. 
[Fen | 


6-108 


Diameter of Boring or Filter Tube 


r) 20 4 —_, 60 fem} 


Fig. 4 — Detection sensitivity of a gamma counter (FHZ 24) in borings or filter 
tubes with different diametres. 


. 


As regards ground water measurements, Fig. 4 contains a representation of the 
detection sensitivity of the gamma counter tube FHZ 24 in borings of different 
diameters. The diagram shows, for instance, that the measuring of a filter velocity 
in a 2-inch boring calls for the injection of 0.008 mC iodine 131 in order that an 
initial impulse rate of 1,000 Imp/min result over a bore length of 1 m. 


TABLE II 


Calculation of impulse sum N with presupposed measuring error A N/N 


AN | , 
a No t w to N N 
9% (I/min) (min) tw (Imp) | (Imp) 

3 200 5 2 1,959 2,959 
3 2,200 5 Z 2,465 4465 - 
1 200 5 2 11,320 12,320 : 
1 200 5 5 11,080 12,080 | 
I 2,200 5 2 12,420 14,420 
1 3,200 5 2 13,370 16,370 
1 200 50 2 18,220 28,220 
1 200 50 1/2 22,320 32,320 
1 2,200 50 2 23,030 43,030 


EE EEE 


We have tried also to estimate the detection sensitivity of direct measurements 
theoretically. Without entering into the corresponding calculations and consider- 
ations at this point (*), we can state summarily that it is possible to arrive at an 
acceptable estimate of the magnitude of the detection sensitivity to be expected. 


(*) A comprehensive publication will follow loc. cit. 
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3.2. Accuracy and Detection Limit 


If measurements for water balance sheets call for a determination of the area 
of the time-impulse rate curve, it can be demonstrated theoretically (*) that the 
median error of this area depends primarily on the size of the area, i.e. on the 
number of impulses counted. For a constant net impulse sum the error grows 
if the background value or the length of the indicator cloud increase. Several 
examples in Table II show how many total impulses N’ or net impulses N are 
necessary in order that the relative average statistical error will amount to 3 and 
1%, respectively, under given conditions (background mo, indicator passage time 
tw and duration of background measurement fp in relation to ty»). Conversely, these 
considerations provide the basis for an estimate of the indicator amounts that must 
be injected when accuracy and waterflow have been specified. From Table III, for 
instance, the following can be read: If an accuracy of 3% instead of 5% is specified, 
the amounts injected have to be doubled; if the number of detectors (twofold detec- 
tion sensitivity) is doubled, only about 2/3 of the original tracer amount is required 
for the same accuracy; augmenting the waterfiow fourteenfold calls for an increase 
of the injection amount by 28 times, thus for a doubling of the specific tracer 
amount added. 


TABLE Ill 


Estimate of injection amount A with presupposed measuring error AQ/Q for waterflow Q. 


QA| @ tw | E iowa ZN N’ A 
Q tan N 

(%) | (m3/sec) | (min) 7mp/min (%) | (imp) | (Imp) | (mC) 

( amet 

5 3.1 11 48x108 | 2| 4.8 1,437 | 3,637 | 0,56 
3 3.1 11 48x 108 | 2| 2.6 3,005 | 5,205 | 1.16 
Saath oA3 60 48x108 | 2| 4.8 3,027 | 15,027 | 16.2 
5 | 43 6 | 2x48x108 | 2| 48 | 4,167 | 28,167 | 11.2 
a4 4 60 48x 108 | 2| 2.6 5,835 | 17,835 | 31.3 
2, 43 6 | 2%48 x10 | 2| 2.6 | 7,210 | 31,210 | 19.4 


The detection limit for direct measurements with the scintillation counter 
(background = 170 Imp/min) is about 3 x 10-8 w C/cm? in a big basin or river, and 
0-8 bu C/cm3 in a 20-Itr container. Measuring ground water with the gamma 
counter (background @ 50 Imp/min) in borings of 8-10 cm diameter, approximately 
1.4 x 10-5 4 C/em? can still be traced. 


4. COMPARISON OF SAMPLING METHOD AND Drrect MEASUREMENT 


4.1. Experimental Comparison of both Methods in a River Test 


A direct comparison between the various detection methods was performed 
on a 1.1-km long diversion canal (waterflow, 3.1 m3/sec; average flow velocity, 


0.54 m/sec). 
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In the first part of the test, (A), 0.5-ltr samples were taken at 15-sec intervals 
at a so-called upper measuring point (UM) about 150 m below the injection point; at 
the same time, a scintillation counter was immersed in the water current to measure 
the tracer passage directly. At a so-called lower measuring point (LM), approxi- 
mately 1 km downstream, 0.5-ltr samples were likewise collected. Simultaneously, 
water from the river (1.2 Itrs/sec) was pumped through a 20-ltr lead-shielded (2.5 cm) 
flow container in which a scintillation counter was immerged. 

For the second part of the test, (B), all three detection methods were used at 
Measuring Point LM at the same time; the tracer element was added to the water 
200 m upstream. 

Some of the measurement results have been compiled in Table IV. The meas- 
uring section having no affluents or effluents, therefore all values of the time-impulse 
rate curve areas obtained by the same method must each other, irrespective of the 
measuring point, provided a constant detection sensitivity and adequate mixing of 
the indicator can be assumed. The first supposition undoubtedly applies to the 
sampling method. The lacking consistency of the values obtained with the sample 
method shows therefore that a uniform mixing throughout the measuring cross 
section of the straight canal cannot be counted on in 100- to 200-m long sections. 
On the other hand, calculations for Test Part A furnished a waterflow at Measuring 
Point LM, 1.2 km below the injection site, of 3.1 m3/sec, corresponding to the flow 
determined by classical hydrometric methods. 

Variations from this value furnished by direct measurements can be traced not 
only to an insufficient mixing, but also to an inaccurate assessment of the detection 
sensitivity. Further findings in the course of this field test were: 

a) The detection sensitivities of direct measurements in the river and in the 
flow container conform to a ratio approximately Of L. 

b) The detection sensitivity of a direct measurement in the river corresponds 
about to that for a 3.5-Itr sample. When considering the detection limit, however, 
it should be noted that the background of the scintillation counter is about 14 times 
the background of the beta counter used to measure the samples. 

c) It may be estimated that an injection of 1.2 mC would suffice for the 1.2-km 
long canal section (3.1 m3/sec) in order to obtain a maximum net impulse rate with 
direct measurements at the lower measuring point of double the amount of the 
background (340 Imp/min). 


4.2, Advantages of the Two Methods 


On the basis of the above experiences and considerations, the advantages of 
the sampling method and of the direct-measurement method can be summarized 
in general as follows: 


4.2.1. Sampling Method 


a) Only a small number of apparatus is required; therefore, specially in the 
field, the susceptibility to failures is lower. 

b) For samples larger than 3.5 ltrs, the detection sensitivity is greater than for 
direct measurements in sufficiently large measuring cross sections (1 X 2 m?). In 
the case of smaller measuring cross sections, even minor sampling volumes still 
are equivalent to direct measurements. 

c) The background of the shielded beta counters used to measure the samples 
is 10-15 Imp/min, of the scintillation counters employed for direct measurements, about 
100-500 Imp/min. Together with the possibility of increasing the duration of the sample 
measuring period at will, a correspondingly improved detection limit may be achieved. 
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d) There is no adsorption of the indicator by the detector (of importance par- 
ticularly when performing measurements in borings). 

e) The detection sensitivity is independent of the measuring cross section. The 
possibility is therefore given of using the sampling method, without calibration of 
the injection activity, to determine relative affluents and effluents along a measuring 
section. 


4.2.2. Direct-Measurement Method 


a) Results are available simultaneously with the passage of the indicator, 
thereby offering the possibility of rapid changes in procedure during the test series. 

b) The continuous recording follows heavy variations in concentration more 
closely than the point-by-point recording of the sampling method. 

c) The measuring range can readily be established at any depth under the water 
surface (of particular importance in the case of measurements in borings). 

d) There is no activity loss with time due to a later processing. 

e) The time-impulse rate curve can be integrated immediately on a digital 
counter. 

Concluding, we particularly wish to thank Prof. Dr. F. Neumaier for many 
valuable discussions and helpful hints We are indebted to the Federal Ministry 
of Economics for the financial aid without which this work would not have been 
possible. Likewise, we must thank Bayernwerk A.G., especially Dipl. Ing. H. 
Schweitzer, for the active support rendered us in the field tests. 
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EMPLOI DE TRACEURS RADIOACTIFS 
POUR L’ETUDE DU TRANSPORT SOLIDE 
DANS LES COURS D’EAU 


P. JAFFRY et M. HEUZEL 
Laboratoire National d’Hydraulique de Chatou (France) 


1. INTRODUCTION 


L’utilisation des traceurs radioactifs dans les études des transports de sédiments 
dans les cours d’eau et en mer a fait l’objet ces derniéres années, d’un certain nombre 
d’expériences. Des progrés importants ont été accomplis, en particulier dans le 
domaine de la préparation d’un traceur fidéle et aisément détectable, et les expé- 
rimentateurs disposent actuellement d’un choix suffisant de procédés de fabrication 
pour leur permettre de toujours trouver un traceur répondant de fagon satisfaisante 
aux conditions particuliéres de leurs problémes. 

Nous ne reviendrons pas sur ces techniques de fabrication, ni sur les généralités 
relatives A l’immersion et 4 la détection des traceurs car ces deux points font 
déja l’objet d’une littérature abondante dont nous donnons en annexe les références 
principales. 

Nous nous bornerons donc a décrire l’appareillage utilisé au Laboratoire de 
Chatou, a présenter les résultats de nos derniéres expériences et a indiquer la voie 
dans laquelle nous nous engageons dans le but d’obtenir une méthode d’étude 
véritablement quantitative. 


2. L’APPAREILLAGE ET LES TECHNIQUES D’ETUDE UTILISEES A CHATOU 


Notre objectif était de disposer d’appareillages et de méthodes de travail adap- 
tables aux conditions d’expériences les plus diverses (mesures 4 la mer ou dans les 
cours d’eau, éloignement des sites d’expériences, etc...). Nous avons donc cherché 
a mettre au point un équipement a la fois léger et robuste, ne nécessitant pour son 
exploitation que le minimum de personnel spécialisé. Nous avons d’autre part 
apporté le plus grand soin a l’étude des problémes de sécurité posés par la mani- 
pulation des matiéres radioactives. 


2.1. Les traceurs utilisés 


Pour les sables, nous utilisons en régle générale des traceurs constitués par un 
verre broyé, servant de support 4 1’élément radioactif. Le verre broyé présente 
4 notre avis toute la souplesse d’emploi requise : 

— Tl est possible d’ajuster avec une grande précision, la densité et la granulo- 
métrie du verre a celle du sédiment naturel. Des essais effectués au Laboratoire ont 
montré par ailleurs que la différence de forme des grains, plus anguleuse pour le 
verre broyé que pour le sable, avait une influence négligeable sur le comportement 
du traceur, si le broyage est conduit de maniére a éviter la formation de particules 
écailleuses. 

__ Le choix de 1’élément radioactif et par conséquent des caractéristiques du 
rayonnement émis par le traceur, (nature, énergie, période) est trés large. La fusion 
de 1’élément choisi dans le support ne pose qu’un probléme de chimie du verre résolu 
jusqu’ici par les fabricants pour un grand nombre d’éléments. 
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— Des activités relativement fortes peuvent étre concentrées dans des quantités 
de traceurs réduites, la diminution du nombre de grains actifs étant compensée 
par l’emploi de sondes détectrices de large emprise. Ceci permet de limiter a des 
dimensions et des poids raisonnables les dispositifs de manipulation et de protection 
utilisés lors des opérations d’immersion du traceur. 

Pour éviter la constitution de stocks de verre broyé trop importants nous avons 
pour l’instant limité notre choix a trois radioisotopes dont les caractéristiques de 
rayonnement permettent de répondre aux conditions d’expériences les plus courantes : 

— le Tantale 182, émetteur y de forte énergie et de 111 jours de période, 

— I’Iridium 192, émetteur y de faible énergie et de 78 jours de période, 

— le Chrome 51, émetteur y de faible énergie et de 28 jours de période. 

L’activation du verre est assurée par le Service des Radioéléments Artificiels 
du Comm ssariat a l’Energie Atomique de Saclay. Le traceur est livré dans des tubes 
d’aluminium contenant environ 40 a 50 grammes de produit. Sauf spécifications 
particuliéres, les doses unitaires de traceurs ont une activité comprise entre 0,25 et 
1 Curie, suivant le radioisotope utilisé. Nous n’avons pas cherché jusqu’ici a aug- 
menter le poids des doses unitaires de traceur car, outre les commodités de transport 
et de manipulation offertes par une forme concentrée du produit radioactif, le frac- 
tionnement du traceur en petites doses présente une plus grande souplesse d’emploi 
en permettant, soit sa répartition par petites quantités dans la zone d’étude (le long 
d’un profil en travers de riviére par exemple), soit au contraire sa concentration en 
un point d’immersion unique sur une singularité du relief (seuil ou mouille). 

En ce qui concerne les traceurs de mouvements de galets nous avons adopté 
le procédé de marquage par inclusion d’une particule radioactive. Un fragment de 
radioélément est déposé dans une cavité pratiquée dans chaque galet et rebouchée 
ensuite par un ciment expansif ou de la paraffine. Nous utilisons actuellement du 
fil ou des billes de Tantale activé, le procédé de marquage imposant, par suite de 
l’absorption non négligeable d’une partie du rayonnement dans le galet lui-méme, 
TYemploi d’un émetteur y de forte énergie. Les opérations de marquage sont effec- 
tuées au Laboratoire, a l’aide d’une installation comportant les écrans de plomb 
et les dispositifs de manipulation a distance nécessaires 4 la protection du personnel. 
Les galets actifs sont ensuite acheminés sur les lieux d’expériences dans des con- 
tainers spéciaux conformes eux aussi aux normes de sécurité. 


2.2. L’immersion du traceur 


L’immersion des galets ne nécessite aucun appareillage spécial. En effet, par 
suite de leur grande vitesse de chute, on peut les déverser directement de la surface 
sans risquer de les voir se disperser sur une trop grande surface. 

Pour l’immersion des traceurs de sable, le Laboratoire a mis au point un appa- 
reillage permettant de réaliser le dépét pratiquement ponctuel du traceur sur le fond. 
La schéma de fonctionnement de l’appareil est présenté sur la figure 1. 

Le tube contenant le traceur est débouché dans un container de transfert (a), 
(b), sur lequel on vient ensuite fixer un dispositif de percussion (c). Par basculement 
de l’ensemble (d) le traceur est transvasé dans une ampoule de verre qui se brise 
au contact du fond en libérant le traceur (e). La sécurité des opérateurs est assurée 
par les possibilités de manipulation a4 distance de Vappareil ainsi que par sa simplicité 
de manoeuvre qui permet d’effectuer les immersions en un temps trés court. 


L’ensemble de l’appareillage est monté sur un chassis support en corniéres 
«Dexion» adaptable A tous les types d’embarcation. 
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Ouverture Ouverture du tube contenant Fixation 


- container Je Fraceur a /aide du container du dispositif 
_ Fransport de transfert de percussion 
sur le container 
de transfert (d) (e) 
Transvasement Dépor 
du traceur du fraceur 
dans /ampoule sur le fond 
de verre 
Fig. 1 — Schéma de fonctionnement de |’appareil d’immersion. 


2.3. La détection du traceur 


L’emploi d’un radioélément émetteur y permet de détecter le traceur directement 
sur le fond. Nous utilisons actuellement, soit des appareils de détection portatifs, 


Vue exterieure de /a sonde 


Compteurs de Geiger Muller 


Disposition des compteurs de Geiger Muller dans /a sonde étanche 


Fig. 2 — Sonde détectrice de large emprise. 
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du type de ceux couramment employés dans la prospection des minerais radioactifs 
(gammamétre SRAT GMT 14 connecté a une sonde étanche), soit pour les expé- 
riences de grande envergure un appareillage spécialement congu et mis au point 
en collaboration avec le Centre d’Etudes Nucléaires_ de Saclay. 

Cet appareillage comprend : 

— une sonde étanche de large emprise, contenant 5 compteurs Geiger Muller 
a haute efficacité pour rayons y. (Voir figure 2). 

— un ensemble intégrateur enregistreur qui recueille par l’intermédiaire d’un 
cable de liaison, les indications de la sonde et fournit une valeur moyenne de l’activité 
du fond. 

La détection peut se faire point par point ou de fagon continue en trainant la 
sonde a faible vitesse sur le fond. Elle est alors conduite comme un levé hydrographique 
normal. Le cas échéant la détection peut étre effectuée a partir d’un point fixe (bateau 
ancré ou berge de riviére) en déroulant la totalité du cable de traction de la sonde 
et en ramenant lentement celle-ci vers le point fixe a l’aide d’un treuil. Cette méthode 
peut étre intéressante pour |’étude détaillée d’une zone réduite (riviéres de faible 
largeur par exemple). 
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3. RESULTATS D’EXPERIENCES RECENTES 


4 
3.1. Etude des mouvements de sable dans le Fleuve Niger (Soudan). 
{ 

Le Laboratoire National d’Hydraulique vient d’effectuer, pour le compte de 
la Direction des Travaux Publics du Soudan, une étude des conditions de naviga- 
bilité du Fleuve Niger sur le troncon Koulikoro-Ségou (voir figure 3). Cette étude 
a fait l'objet d’essais sur modéle réduit et d’une campagne de mesures sur place au 
cours de laquelle on a cherché en particulier 4 déterminer le processus du transport 
des alluvions en divers points caractéristiques du lit et pour différents régimes du fleuve. 

Ces observations ont été effectuées par la méthode des traceurs radioactifs qui 
voyait 1a semble-t-il l'une de ses premiéres applications a l’étude des mouvements 
de sable en riviére. 

Le traceur utilisé était du verre broyé au Tantale 182 (période 111 jours), ajusté 
en granulométrie et densité au sédiment naturel du lit du Niger. Les détections étaient 
effectuées A l’aide d’un gammamétre SRAT type GMT 14 couplé 4 une sonde étanche. 

Deux séries d’observations ont été effectuées : 

— la premiére pendant l’étiage, en Mars 1958, a comporté deux immersions 
en amont de Sassila (voir figure 3, points A et B); 

— la seconde pendant la décrue, en novembre et décembre 1958 a donné lieu 
a sept immersions réparties en trois points caractéristiques du lit : 

— une dune, sur la rive gauche, (voir figure 3, points I et II) 
— un seuil, points III, IV et V, 
— [extrémité d’une mouille, points VI et VII. 
Résultats des détections. Les résultats des détections ont été groupés sur la figure 4. 
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Fig. 4 — Résultats des expériences du Niger. 
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— Mesures a l’étiage (figure 4 a). Les trajectoires relevées sont tres filiformes, 
la largeur maximum des deux taches radioactives ne dépassant jamais 3m. Les 
détections successives ont permis de déterminer une vitesse moyenne d’avancement 
des grains. Elle est de 7 m par jour en moyenne mais peut varier entre 2 et 18 m par 
jour car elle est trés sensible aux fluctuations du débit. 


Le traceur a pu étre suivi jusqu’au 70™* jour aprés l’immersion, l’activité 
mesurée s’abaissant ensuite trés rapidement pour atteindre le niveau de la radio- 
activité ambiante par suite de la dispersion de plus en plus grande des grains actifs 
dans la masse du sédiment naturel. 


— Mesures en décrue (figure 4b,c et d). Les trajectoires observées ne sont 
plus filiformes comme pendant I’étiage. Les taches radioactives s’étalent largement. 
Les vitesses sont trés variables d’un point 4 un autre. Elles sont en moyenne de 2 a 
4m par jour. Au point d’immersion V (figure 4c), il n’existe pratiquement pas de 
transport. Aprés 75 jours, il subsiste encore en ce point une concentration de traceur 
suffisante pour saturer les appareils de détection. 


A V’inverse de ce que l’on pouvait supposer a priori les déplacements de sable 
semblent moins rapides par débit moyen qu’en étiage dans les mouilles ot se con- 
centrent les eaux. 


Sur un seuil (figure 4c), l’étalement des taches actives met en évidence la 
courbure progressive des courants de fond autour d’un centre ot les mouvements 
de matériaux sont nuls (point V). 


3.2. Etude des mouvements de galets dans le Rhéne (France). 


Dans le cadre général de l’équipement hydroélectrique du Rhéne, la Compagnie 
Nationale du Rhéne a confié au Laboratoire de Chatou l’étude sur modéle réduit 


du barrage de retenue et de la prise d’eau de l’usine de Pierre Benite, a |’aval im- 
médiat de Lyon. 


En vue de recueillir des renseignements susceptibles de contréler la fidélité 
du modéle réduit en ce qui concerne le charriage des galets dans le Rhone, une cam- 
pagne de mesures par traceurs radioactifs a été entreprise en décembre 1959. Les 
expériences se poursuivent encore actuellement (avril 1960) et il ne nous sera pas 
possible de présenter les résultats définitifs des mesures. Il nous a toutefois paru 
intéressant de souligner l’excellence des premiers résultats obtenus qui mettent en 
évidence |’extréme sensibilité de la méthode. 


Quatre cent cing galets, de granulométrie comprise entre 2 et 10 cm ont été 
marques au Laboratoire par inclusion d’une boucle de fil de Tantale 182 (période 
111 jours) présentant une activité unitaire de 0,5 millicurie. 


Les dépéts ont été effectués en trois points distincts (voir figure 5) ot nous avons 
immergé respectivement : 


Point I: 29 gros galets (6 a 10cm de diamétre) 
Point II : 124 galets moyens(4 4 6cm de diamétre) 
Point IM : 252 petits galets (2 A 4cm de diamétre) 


Les résultats des détections successives sont présentés sur la figure 6. Nous y 
avons porté les zones dans lesquelles on a décelé la présence de galets actifs. Elles 
metient en particulier en évidence le mouvement des matériaux parallélement a 
Vaxe de l’écoulement, sans aucune tendance a une dispersion latérale. 


oe nous lavons déja dit plus haut, il ne nous est pas possible de donner 
ae see une interpretation hydraulique de ces résultats. Nous tenons toute- 
ols a souligner le rendement des détections effectuées avec la sonde de large emprise 
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Fig. 5 — Expériences du Rhone. 


du Laboratoire. Elles nous ont permis de retrouver un pourcentage important des 
galets actifs immergés, 4 des distances souvent trés grandes des points de dép6t. 
On a pu détecter : 

— 65% des gros galets jusqu’a une distance de 450 m de leur point d’immersion, 

— 20% des galets moyens jusqu’a une distance de 1.300 m de leur point d’immer- 
sion, 

— plus de 60% des petits galets jusqu’a une distance de 500 a 600 m de leur 
point d’immersion. 

Ce résultat est d’autant plus remarquable, compte tenu du petit nombre de 
galets actifs mis en oeuvre, que par suite de l’absorption importante du rayonnement 


dans l’eau, la présence d’un galet n’est pratiquement pas décelable 4 plus 60 cm 
des extrémités de la sonde. 
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Fig. 6 — Résultats des détections. 


4. CONCLUSIONS 


Bien que la méthode des traceurs radioactifs ne donne encore que des rensei- 
gnement plus qualitatifs que quantitatifs nous envisageons de l’utiliser de facgon 
systématique dans les études de transport de matériaux dans les cours d’eau et en 
mer. En effet les phénoménes mis en évidence par les traceurs tels que les vitesses 
de migration des grains ou la forme de leurs trajectoires peuvent étre également 
étudiés sur les modéles réduits et constituent ainsi d’excellents éléments d’étalonnage. 

Nos efforts portent actuellement sur Vapplication de la méthode des traceurs 
aux études sur modéles réduits dans le double but : 

— de disposer du méme moyen d’investigation en modéle et en nature, 

— de profiter des facilités d’observation et de mesures directes offertes par 
les modéles pour étudier les possibilités d’amélioration de la méthode en ce qui 
concerne l’obtention de renseignements véritablement quantitatifs. 

Dans ce domaine nous avons déja réalisé une premiére expérience sur le modéle 
réduit du Niger exploité par le Laboratoire en utilisant le rayonnement du Man- 
ganése 56 (période 2,5 heures) obtenu par activation directe du noyau d’abricot 
représentant sur le modéle le sédiment naturel du lit du Niger. Les résultats de cette 


experience nous ont paru suffisamment prometteurs pour nous inciter a persévérer 
dans cette voie. 
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CONTAMINATION PAR 
ELEMENTS RADIOACTIFS 
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RADIOACTIVE WATERS 


* 


METHODE D’ETUDE DE LA CONTAMINATION 
DES SOLS EN PLACE PAR LES RADIOELEMENTS 


J. BOURRIER 


(France) 


RESUME 


_ L’auteur décrit une méthode pratique permettant de déterminer par des opéra- 
tions effectuées en série, la contamination éventuelle de sols en place a la suite de 
submersion par des eaux contenant des produits de fission. Les mesures sont exécu- 
tées en laboratoire sur des massifs prélevés dans le sol réel et transportés enrobés dans 
la parafiine. Cette méthode est une adaptation de la méthode, dite Vergiére, mise au 
point il y a quelques années par l’auteur pour I|’étude des caractéristiques hydro- 
dynamiques des sols destinés a l’irrigation. 


SUMMARY 


The author describes a practical method to determine by successive operations, 
the rate of contamination for natural soils, contamination succeeding a submersion 
by fission products contaminated water. Determination are made at laboratory on 
massive samples of real soil packed with paraffin. This method is adapted from the so 
called «Méthode de Vergiére» tested a few years ago by the author studying the irri- 
gated soils features. 


1. PRINCIPES 


1.1. Objet des travaux entrepris 


Indépendamment de |’étude théorique de la propagation dans le sol de 1’activité 
introduite a la suite de submersions ou de pluies radioactives, il convient d’examiner 
comment peut évoluer cette activité dans le sol en place, suivant des circonstances 
diverses (nature et concentration des radioéléments, modalités d’applications, 
influence de |’état du sol etc...). 

Les études théoriques et les travaux effectués exclusivement en laboratoire ne 
peuvent actuellement que s’appliquer difficilement au cas des sols réels pour lesquels, 
il est, en particulier, impossible de mettre en jeu tous les paramétres intervenant 
dans la question; il est, en outre, superfiu de songer a l’expérimentation directe. 
C’est pourquoi nous avons pensé avec M.M. Bovard et Grauby qu’il serait 
intéressant d’examiner si le prélévement Vergiere (appelé plus simplement préle- 
yvement «V») qui est maintenant couramment employé par le Service du Génie 
Rural pour |’étude des sols destinés a l’irrigation, pouvait étre utilisé, dans le méme 
esprit, a la détermination de la contamination éventuelle des sols en place a la suite 
de retombées ou de submersions radioactives. 


1.2. Le prélévement V 


‘ 


Rappelons briévement le principe de la méthode Vergiére (1) : toutes les mesures 
des grandeurs intéressant la technique de l’irrigation (que nous appelons les «carac- 
téristiques hydrodynamiques des sols») sont effectuées 4 partir d’un massif cubique 
d’aréte égale a 10 cm, taillé dans le sol en place et transporté au laboratoire enrobé 


() Voir Annales du Génie Rural 1954 : Détermination des caractéristiques 
hydrodynamiques des sols a la Station de Vergiére par J. Bourrier. 
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dans la paraffine sur ses quatre faces verticales (fig. 1). C’est le prélevement Vi Nous 
avons ainsi transporté une portion de sol telle qu'elle se trouvait dans la réalité, 
sans lui faire subir de perturbation. Nous pensons ainsi concilier les deux méthodes 
extrémes qui peuvent étre employées dans une étude egnerete du sol : d’une part, 
Vemploi de formules théoriques qui deviennent, en général, d une Bape 
inextricable, 4 moins de procéder a des simplifications souvent abusives, d’autre 
part l’expérimentation directe avec tous les inconvénients qui y demeurent attachés. 
La méthode Vergiére jette, en quelque sorte, un «pont» entre ces deux facons de 
procéder, transportant au laboratoire, ol les mesures, plus faciles et moins Sheesh as 
se prétent parfaitement a un travail en série, un échantillon de sol réel tel qu’il se 
trouvait en place. 


Ags 


Fig. 1 


L’inconyénient majeur consiste dans le fait que l’on attribue 4 tout un périmétre 
les caractéristiques provenant de mesures effectuées sur un nombre restreint d’échan- 
tillons de dimensions réduites. On n’opére d’ailleurs pas autrement lorsqu’on 
procede, par exemple, 4 une analyse physique ou a une analyse chimique du sol 
et toute la difficulté consiste dans le choix des points de prélévements. Cet incon- 
vénient tient a la nature des choses et si la méthode Vergiére n’en est pas exempte 
il n’en demeure pas moins que remplissant, dans un but essentiellement pratique, 


toutes les conditions pour l’organisation d’un travail en série, elle a permis d’atteindre 
Vobjectif que nous nous étions fixés. 


1.3. La contamination du sol en place 


Nous nous trouvons dans des conditions analogues lorsqu’il s’agit d’étudier 
la contamination éventuelle d’un sol en place; l’expérimentation directe n’est évidem- 
ment pas possible et nous ne croyons pas, d’autre part, que les résultats actuellement 
acquis, permettent de prévoir, par le calcul par exemple, le cheminement de 1’activité 
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dans le cas réel d’un sol existant; c’est pourquoi nous avons jugé opportun d’examiner 
si le principe de la méthode Vergiére pouvait également s’appliquer a l’étude con- 
créte de la contamination des sols en place. 

Cette contamination peut, dans la réalité, avoir des origines diverses, mais ne 
met pratiquement en jeu que les produits de fission; nous citerons principalement : 

a) L’introduction dans le sol de produits de fission a la suite de pluies, qu'il 
s’agisse de pluies véhiculant ces produits de fission en suspension dans l’atmosphere, 
ou de pluies non actives, les entrainant dans le sol aprés qu’il se soient déposés 
préalablement sous forme divisée (éventualité 4 prendre en considération sur les 
terrains situés a proximité des piles). 

b) La submersion d’un sol par de l’eau contenant des produits de fission, qui 
ne constitue qu’une éventualité mais dont le caractére serait suffisamment grave pour 
qu’il soit opportun d’en préyoir dés maintenant les conséquences. 


1.4. Objet de la présente étude 


Nous pouvons dés lors énoncer d’une fagon précise l’objet de l’étude entre- 
prise : il s’agit, a partir du prélévement V effectué de la méme facon que dans le cas 
de Virrigation, d’étudier, en /aboratoire, la propagation de l’activité introduite dans 
des conditions bien déterminées se rapprochant le plus possible des conditions réelles 
qu’il y aurait lieu de craindre et d’en tirer des conclusions exploitables au sujet de 
la contamination éventuelle du sol en place d’ot ce prélévement a été extrait. 

Le dispositif destiné 4 réaliser une pluie radioactive, dans les meilleures con- 
ditions de réalisation technique et de sécurité pour le personnel manipulant, n’étant 
pas encore complétement au point, nous nous bornerons dans la suite au cas de la 
contamination par submersion radioactive. 

Nous avons enfin, choisi pour effectuer les contaminations, le 9°S, en équilibre 
avec son descendant, le 9°Y, 4 cause de l’importance de son étude au point de vue 
de la protection : c’est en effet, parmi les produits de fission, celui qui est le plus 
dangereux en raison de son abondance relative, de sa période (29 ans) et de ses graves 


effets physiologiques. 


2. L’ADAPTATION DE LA METHODE VERGIERE 


L’emploi d’une solution active et des considérations sur la sécurité et le prix 
de revient nous ont obligés de modifier sensiblement le détail des opérations sur le 
terrain et le dispositif de mesures en laboratoire, tels qu’ils étaient arrétés pour 
étude de l’irrigation. 

Les autoradiographies effectuées sur des sections des massifs de 10 cm d’aréte 
apres contamination radioactive ont révélé, en ce qui concernait le cheminement 
de l’activité, l’existence d’effets de parois inadmissibles et nous avons été conduits 
pour éliminer cet inconvénient a utiliser un massif de plus grandes dimensions. Son 
encombrement et son poids ont posé des problémes particuliers pour 1’emballage 
sur le terrain en vue du transport au laboratoire et pour le montage au laboratoire 
méme. Ces considérations que nous nous bornons a mentionner ont conduit a la 
mise sur pied des manipulations et du dispositif de mesure que nous préciserons a 
la section suivante, de méme que les observations que nous avons pu faire, au cours 
de la période de mise au point, sur le comportement du sol en ce qui concerne la 
fixation de l’activité et que nous allons résumer briévement, nous ont conduit a 
arréter d’une facon précise, la suite des mesures a effectuer. 

a) nous avons d’abord constaté qu’avec l’emploi du prélévement V, donc d’une 
portion de sol naturel, l’activité, introduite par submersion, se fixait 4 une profon- 
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deur plus importante que celle a laquelle on s’attendait a la suite de mesures ante- 
rieures effectuées sur des colonnes de terre préparées en laboratoire ou la quasi 
totalité de V’activité demeurait retenue dans les tout premiers centimétres du par- 
cours; le prélévement V, effectué en effet dans le sol en place et au voisinage de la - 
surface présente un certain nombre de cavités (galeries de vers, racines décomposées 
etc...) et d’irrégularités suivant la situation et la direction qui ne se retrouvent pas 
dans les colonnes de terre qui par leur nature méme sont trés compactes (sols 
homogénéisés). Le prélévement V nous met alors en mesure d’observer sur de nom- 
breux échantillons (par autoradiographie) la diffusion d’un radioélément dans un 
sol réel avec toutes les singularités et les cheminements privilégiés qui se manifestent 
et dont il faut tenir compte dans l’étude du sol en place. 

b) dans de nombreux cas, il persiste aprés 30 centimétres de parcours, une 
activité dans le liquide percolé, faible il est vrai, mais cependant non négligeable 
et dont il sera également nécessaire de tenir compte. 

c) au cours de la variation en fonction du temps de Il’activité de la solution 
recueillie, nous avons observé trois modalités de comportement. 

La courbe donnant la variation de l’activité dans le temps peut étre soit une 
paralléle a l’axe des temps, soit une courbe rapidement décroissante soit une courbe 
allant en croissant jusqu’a un palier observé une quinzaine de jours aprés le début 
des mesures. 

Le premier cas concerne une solution ot le 99S, et le 9°Y sont demeurés dans 
Jes proportions de l’équilibre radioactif; le deuxiéme cas correspond a une proportion 
plus importante de 9°Y dont la décroissance est rapide (période 64 heures); quant 
au troisi¢me cas, il se rapporte 4 une proportion de 99S, plus grande et la croissance 
du début s’explique par la régénération de %°Y qui tend vers l’équilibre radioactif. 

d) D’essais comparatifs menés sur des couples de massifs V ne différant que 
par leur état d’humidité, il résulte qu’un sol sec (ou d’une facon plus précise bien 
en dessous du point de rétention pour l’eau) manifeste un pouvoir de rétention 
important pour l’activité; cette activité est fixée par les particules du sol et non 
localisée dans l’eau retenue puisque des élutions successives exportent (aprés un 
parcours de 30 cm dans le sol) trés peu ou méme pas du tout d’activité. Il convient 
cependant de remarquer que cette fixation n’est pas aussi énergique qu’on pourrait 
le penser a premiére vue, ainsi que le montre l’expérience bien caractéristique sui- 
vante : aprés avoir contaminé un prélévement V, nous avons procédé a une série 
d’élutions importantes et n’avons pas observé d’activité dans la solution percolée; 
or l’autoradiographie a montré que si les élutions successives n’étaient pas parvenues 
a exporter du massif l’activité préalablement retenue de vingt a trente centimétres 
plus haut, elles en avaient néanmoins modifié sensiblement la répartition en tendant 
a la diffuser de haut en bas. 

Les sols, lorsqu’ils sont trés humides (bien au-dessus du point de rétention 
pour l’eau) sont, par contre, nettement perméables au cheminement de I’activité 
vchiculée dont la partie retenue est fixée de la méme fagon, ainsi que le montrent 
Jes lutions ultérieures. Nous en tirons deux conclusions : 

1) Lorsqu’un sol est alimenté par submersion en eau contenant des ions actifs, 
la fixation de ces ions dépend de l’état d’humidité du sol au moment de la submersion; 
il conviendra donc, lors des études concrétes réalisées sur des sols existants, d’effectuer 
au’ moins deux mesures; une sur un prélévement relativement sec, l’autre sur un 
prelévement: tres humide. Comme il est plus facile de modifier dans le sens de 
] augmentation Phumidité d’un échantillon de sol, il est opportun de procéder aux 
prélévements sur le terrain 4 l’époque ov le sol est le plus desséché; un premier 
Ce wae oe ps l'état méme ou il se trouvait au moment de son 
conbambidtae fietianes as fo) tenu dans les mémes conditions, fera Pobjet de la 

r subi un nombre convenable d’élutions a l’eau distillée 
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et une étude plus complete tendant a déterminer l’importance de la diffusion d’une 

activité préalablement fixée demandera la confection d’un troisitme prélévement. 

Le choix de l’époque de prélévement ne correspondra pas toujours aux con- 

ditions les plus opportunes; aussi serons-nous obligés, acceptant la situation comme 

elle se présente, de mesurer 4 différentes hauteurs le taux d’humidité du massif au 

- moment de son extraction du sol; il suffira de mesurer l’humidité de petits prélé- 
vements effectués le long des diédres verticaux du massif (*). 


3. DETAIL DES OPERATIONS 


Les discussions précédentes ont permis, a la suite de l’expérience acquise tant 
sur le terrain qu’au laboratoire d’arréter le détail des opérations et des mesures a 
effectuer pour que nous soyons en possession des renseignements qui nous aideront 
A déterminer l’importance d’une contamination éventuelle de sols en place par des 
eaux de submersion contenant des produits de fission. Ces opérations, pour avoir une 
valeur pratique, doivent étre effectuées conformément a un plan bien établi et dans 
des conditions bien déterminées. Les différentes modalités suivant lesquelles pour- 
raient se produire, dans la réalité, une submersion accidentelle ne sont évidemment 
pas connues. L’étude en laboratoire ne pourra étre conduite qu’avec des circon- 
stances de submersion, assez voisines des cas concrets possibles, mais cependant 
arbitraires; il importe donc de fixer dans le détail les conditions de l’ensemble des 
manipulations. 


3.1. Opérations sur le terrain 


Les opérations sur le terrain commencent par la délimitation de la région a 
étudier, la détermination des zones de sols homogénes et le choix des points de 


aE x Wy: : Pe 
1) Cette proposition demande une justification que nous ne pourons pas _ 

nir i faute ee ee L’étude critique de cette question a paru dans le bulletin du 

Centre de Recherches et d’Expérimentation de Génie Rural N° 48-II 
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prélévement; il s’agit avant tout d’une étude pédologique. Nous ne nous étendrons 
pas sur cette premiére phase qui sort du cadre purement technique de notre étude, 
et qui sera conduite suivant les modalités diverses dépendant de la nature de la 
question a envisager en ce qui concerne la contaminatign du sol par les radioéléments. — 

Les opérations de prélévement doivent, pour des raisons de rendement, étre 
effectuées exactement de la méme facon en chaque point. La fouille, pratiquée par 
un manceuvre, et dont la forme et les dimensions sont précisées fig. 2, doivent étre 
telles, que l’agent technique chargé d’effectuer le prélevement trouve le travail déja 
largement dégrossi. 

La profondeur h (fixée a l’avance) sera fonction de la position de la couche de 
sol que nous voulons étudier et la largeur / pourra varier de 0,75 a 1,50 métre suivant 
le nombre de prélévements (un, deux ou trois) prévus; les prélevements auront été 
ébauchés suivant des dimensions légérement supérieures (une majoration de 10cm 
sur les dimensions réelles est recommandée). Le préleveur opére ensuite confor- 
mément a la méthode classique. Le temps demandé pour la confection du prélévement 
est de deux heures, le poids total du prélévement emballé est d’une trentaine de kilos, 
son transport a la voiture pourra étre facilement effectué, méme en terrain difficile, 
en utilisant un petit brancard. 

Les quelques différences de détail,par comparaison avec la méthode de Vergiére 
classique (en dehors des dimensions) sont les suivantes et verront leur justification 
a Voccasion de 1’étude en laboratoire : 

— Boite en téle de zinc ouvrable suivant une aréte, afin de permettre l’extraction 

du massif pour les manipulations d’autoradiographie. 

— Epaisseur de la paroi de paraffine; 2cm 

— Avant la pose du couvercle 4 la partie inférieure, disposition de la toile 
métallique destinée 4 maintenir intacte, pendant les expériences, la masse du préle- 
vement; cette toile est disposée dans un cadre muni sur deux de ses cétés de mor- 
taises rapportées dans lequel viendra s’emboiter la base du prélévement. La fig. 3 
donne les éléments de l’emballage et la fig. 4, la fagon dont le prélévement est emballé 
pour le transport au laboratoire ot les mesures sont préparées de la fagon suivante : 


covvecade 


+ a ae 
Paap cen ae 


covuveccle 
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La tourelle de mise en charge est disposée au centre de la face supérieure du 
massif et une couche de paraffine est répandue sur la partie extérieure (environ 3 cm 
d’épaisseur). Afin de bien déterminer les conditions de la submersion, nous verserons 
la solution active (volume : 1 litre, activité totale 5+ 0.5 uw C, quantité qui assure 
une bonne comptabilité entre les exigences de la sécurité et le délai convenable 
d’exposition a l’autoradiographie) dans la tourelle, aprés l’avoir isolée du massif 
par une plaque de verre pelliculaire, disposée comme l’indique la fig. 5. Le massif 
ainsi équipé est mis en place conformément au dispositif schématisé (fig. 6). Ce 
nouveau dispositif permet 4 une seule personne de hisser, en quelques minutes et 


Fig. 6 


sans effort, le massif 4 sa position d’expérience, en manipulant simplement, a l’aide 
d’une manivelle spéciale les quatre vis 4 oreilles. La nouvelle forme adoptée pour 
la cuve qui recueille la partie percolée ne requiert, pour faire tenir tout le dispositif, 
qu’une simple table, ce qui constitue une circonstance trés favorable surtout quand 
les mesures sont exécutées en camion laboratoire ot: les commodités sont moindres. 

L’instant initial des expériences correspond au moment ou on émiette la plaque 
de verre pelliculaire au moyen d’un percuteur spécialement construit (fig. 4), laissant 
ainsi le liquide actif pénétrer dans le massif dans des conditions bien déterminees 
une fois pour toutes. 

On note l’époque ot les premieres gouttes tombent dans la cuve, et on provide, 
en cours de percolation, 4 des pipetages de 1 cc. dans la solution qui s’écoule, qu’on 
évapore ensuite a 1’épiradiateur. 

On suit simultanément |’évolution de la percolation par simple lecture sur 
l’éprouvette. Une fois cette percolation terminée, on effectue dans les mémes con- 
ditions un pipetage dans l'ensemble du liquide recueilli. ' 

L’activité contenue dans les différents pipetages sera compte pendant trois 
semaines au moins, et l’allure de son évolution nous renseignera sur la fagon dont 
deux éléments actifs 9°Sr et °°Y auront été adsorbés par le sol. . 

Le massif est alors dégagé de sa boite et sectionné horizontalement et verti- 
calement, comme il est indiqué fig. 7 aux fins d’autoradiographie. Les autoradio- 


SH 


graphies nous donneront enfin d’utiles renseignements sur la fixation de l’activité 
totale dans le sol, sur les cheminements privilégiés, lorsqu’il s’en produit, et permet; 
tront de voir si l’écoulement s’est effectué normalement et en particulier s’il n’y a 


d’effets de parois. ~ 


Coupe seerc-D 


Fig. 7 


Donnons enfin les quelques précisions expérimentales suivantes : 
— Solution active : nitrate de Strontium a pH = 6 
— Durée de l’exposition a l’autoradiographie : une cinquantaine d’heures. 


4. DISCUSSION ET CONCLUSIONS 


Aprés avoir donné le détail des opérations pour la détermination simple et 
rapide de la contamination éventuelle d’un sol existant, nous ferons le point en indi- 
quant dans quelle mesure les résultats obtenus peuvent étre complétés et précisés 
par l’étude d’autres caractéristiques du sol et en donnant quelques applications 
possibles, différentes de notre objet, du dispositif que nous avons mis sur pied. 

Rappelons que la présente étude sera poursuivie en portant notre effort sur la 
détermination de la contamination produite par pluie radioactive quand l’appareil 
destiné a réaliser cette pluie dans les meilleures conditions de fonctionnement et 
de sécurité et dont nous procédons a la mise au point, aura été construit. 


4.1. Le caractére de la méthode — Ses limites 


En fixant le détail des opérations, dispositif et mode opératoire, nous nous 
sommes inspirés des idées qui avaient présidé a l’élaboration de la méthode Vergiére 
pour la détermination des caractéristiques hydrodynamiques des sols destinés a 
Virrigation. Nous avons voulu réaliser Vexploitation d’une méthode, concue dans 
le méme esprit, c’est-a-dire 4 partir de prélévements pratiqués dans le sol en place, 
fournir par des mesures effectuées strictement en laboratoire, des indications rapides 
et précises sur le comportement du sol vis-a-vis d’une submersion d’eau contenant 
des produits de fission : le matériel devait étre simple et robuste, sa fabrication ne 
devait pas dépasser le cadre de tout atelier attaché A un Centre de Recherches, les 
manipulations devaient demeurer a la portée d’agents trés peu spécialisés, et l’ensemble 
de la méthode devait se préter A des mesures en série; en particulier, il fallait que 
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le détail de toutes les opérations soit bien précisé afin d’en rendre les résultats com- 
parables et reproductibles. 

Nous sommes en mesure actuellement de déterminer les circonstances d’une 
contamination éventuelle dans un sol réel dans les cas extrémes du sol sec (c’est-a-dire 
bien en-dessous du point de rétention) et du sol trés humide (pratiquement saturé 
d’eau) ainsi que l’évolution, a la suite d’apports ultérieurs d’eau, d’une contamination 
préalablement fixée. 

Nous nous sommes limités 4 une hauteur de 30cm et a un seul radioélément 
(99S, + ®°Y). Nous pouvons, sans rien changer, étudier une couche de sol plus im- 
portante avec l’emploi d’autres radioéléments (en particulier l’étude du 187C,, 
émetteur , serait encore plus facile). 

Tl est cependant une circonstance que nous n’avons pu fixer que d’une maniére 
empirique : le mode de submersion de l’échantillon. Comme il est impossible de 
prévoir de quelle fagon se produirait dans la réalité la submersion accidentelle 
d’un sol en place, nous avons choisi les modalités de submersion en laboratoire en 
tenant compte du montage expérimental et des impératifs (prix et dangers) imposés 
par la nature de la solution mise en jeu, tout en restant dans un cas normal. Nous 
avons ainsi l’avantage de connaitre d’une facgon précise les conditions de l’expérience 
ce qui permettra d’en tirer, en toute connaissance de cause, un certain nombre d’en- 
seignements utiles pour les besoins de la pratique. 

Les résultats globaux qu’on obtient demanderont en général a étre interprétés 
ou précisés par les mesures de certaines des autres caractéristiques du sol dont notre 
méthode ne donne que le bilan final. Il y a donc intérét 4 examiner quelles seront 
les études qu’il conviendra, selon le cas, de mener parallélement pour obtenir des 
informations plus completes. 


4.2. Etudes complémentaires 


Nous nous contenterons de citer les déterminations suivantes : 


4.2.1. Caractéristiques hydrodynamiques des sols. 


Il s’agit de la vitesse de filtration, du point de rétention, de la densité apparente 
et de la densité réelle. Ces grandeurs sont trés importantes 4 connaitre. Ce sont les 
responsables du mouvement de l’eau et de ses conditions de rétention dans le sol. 
Leur détermination se recommande d’autant mieux qu’elles font l’objet de la méthode 
Vergiére proprement dite dont nous avons tiré l’application dans cette étude. En 
fait, les prélévements étudiés pour la contamination ont toujours été associés a un 


prélévement V classique. 


4.2.2. Analyse mécanique des sols 


Il s’agit d’une détermination classique qu’il est toujours opportun de pratiquer. 
Le taux d’argile peut, en particulier, fournir d’intéressantes corrélations avec la 


fixation de l’activité. 


4.2.3. Analyse minéralogique des argiles 


Ces mesures, qu’elles soient effectuées par la méthode thermique ou par |’étude 
aux rayons X (méthode DEBYE-SHERRER) permettent de comparer I’importance 
de la fixation de l’activité en fonction de la nature des argiles existant dans le sol. 


Shy 


4.2.4. Détermination du taux de Phumus 


La partie humique est en effet apparue comme un agent trés énergique pour la 
fixation des ions actifs. ~ 


4.2.5. Analyses chimiques 


Nous nous bornerons 4 citer l’importance de la détermination de la teneur du 
sol naturel en Ca, K ou Fe suivant que l’agent contaminant est le 90S,, le 127C, ou 
le 106Ru, 


4.3. Quelques autres applications possibles 


Notre premier objectif était d’obtenir rapidement et sur une grande échelle un 
certain nombre de renseignements sur les effects a craindre d’une contamination 
du sol en place a la suite d’une submersion radioactive, mais la mise au point 
pratique a déja été exploitée 4 d’autres fins. En particulier, une premiére application 
concrete a été effectuée, par les soins du Commissariat a l’Energie Atomique (Service 
de Contréle des Radiations et du Génie radioactif) par l’étude d’un site atomique. 

Cette méthode semble devoir se bien préter 4 l’étude de la redistribution par 
l’action de machines agricoles d’une contamination superficielle préalablement 
déposée (par exemple a la suite de retombées radioactives provenant soit d’une 
explosion nucléaire, soit, cas plus courant, des cheminées des piles atomiques) ; 
indépendamment de ces résultats intéressant en premier lieu les Services de protection 
civile, les spécialistes du machinisme agricole auraient un moyen de préciser, apres 
introduction d’éléments marqués, la fagon dont les machines agissent sur la structure 
du sol. 

Nous mentionnerons encore la possibilité par emploi de molécules marquées, 
d’études concrétes et précises pour la prévision du cheminement des engrais dans les 
sols de culture. 

Il nous reste 4 considérer ce qu’on peut attendre de l’exploitation de cette 
méthode dans des travaux de caractére purement scientifique. Il est encore trop 
t6t pour porter un jugement sur cette question. Dans |’état actuel, nous obtenons 
uniquement des mesures globales sur des sols en place, ot la matiére étudiée se présente 
telle qu’elle est dans la réalité et il parait difficile de diriger les conditions d’expérience 
dans le sens opportun; il n’en reste pas moins que les résultats concrets obtenus 
peuvent mettre dés maintenant a la disposition des chercheurs une documentation 
précise qui peut les aider a vérifier, dans le cas complexe du sol réel, la validité des 
conclusions auxquelles les portent leurs études, car cette documentation concerne 
des portions de sol en place mais qui auront pu étre étudiées avec toute la précision 
qu’on peut avoir en laboratoire et dans des conditions d’éxpériences bien déter- 
minée, permettant ainsi non seulement d’en apprécier la valeur, mais encore, ce qui 
nous semble au moins aussi important, d’en discuter les limites de validité. 
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PRACTICES AND PROBLEMS IN DISPOSAL OF 
RADIOACTIVE WASHES INTO THE GROUND (?) 


J.A. LIEBERMAN (?) et E.S. SIMPSON (°) 


RESUME 


Environ trois millions de curies de résidus de faible 4 moyenne activité en solution 
aqueuse ont été rejetés dans le sol, et probablement des quantités comparables de 
résidus emballés ont été ensevelies a des installations principales de 17 AEC. Presque 
toute l’activité demeure dans les corps solides ou bien est absorbée par les matiéres 
terreuses au-dessus de la nappe aquifére. Jusqu’a présent, ces opérations n’ont en- 
trainé aucune contamination decelable des sources d’eau d’alimentation. Le rejet de 
liquides en masse dans le sol se fait seulement 1a of une installation occupe des dizaines 
pl es conus de lieues carrées; et probablement c’est uniquement ici qu’il soit 
admussible. 


1. INTRODUCTION 


The disposal into the ground of certain types and quantities of radioactive 
liquid wastes at the major U.S. Atomic Energy Commission installations is based 
on the capacity of the natural earth materials of these sites to retain, or sufficiently 
detain, radioactive ions. The safe capacity of the earth environment for this purpose 
is dependent on the chemical nature of the waste liquid (including both radioactive 
and stable ions), the chemical characteristics of the earth materials involved, and 
the hydrogeologic nature of the specific ground environment under consideration. 

Ground-disposal operations are restricted to wastes that are generally charac- 
terzed as of ’’low,, or >*intermediate,, level. Although this terminology is qualitative 
at best, for the purposes of this paper it refers to concentrations of radioactive mate- 
rials ranging from a small fraction of a microcurie per cc up to a few puc/cc (mixed 
fission product beta-gamma emitters). 

The environmental conditions under which such operations are carried out 
range from an arid site at Hanford, Washington (annual rainfall, 17 cm), where the 
water table is 175 to 320 m below the land surface and the sedimentary rocks consist 
of unconsolidated sand, silt, gravel and clay of Pleistocene (glacial) age, to a humid 
site at Oak Ridge, Tennessee (annual rainfall, 132 cm), where the water table lies 
at depths of 10 to 15 m below the land surface and the rocks involved are primary 
weathered shales of early Paleozoic age. Table I (Theis, 1959, p. 1118) briefly sum- 
marizes the hydrologic conditions at the four major U.S. Atomic Energy Commission 
installations where ground disposal is practiced. All are large, relatively isolated, 
Government-owned reservations. 


2. CURRENT PRACTICE 


The most extensive experience in such operations has been at the Hanford, 
Washington installation of the U.S. Atomic Energy Commission (Brown and others, 
1959, p. 1207-1210). Disposal to the ground of small volumes of selected, very low- 


() Publication authorized by the U.S. Atomic Energy Commission and the U.S. 


Geological Survey. ; j 
(2) Chief, Environmental & Sanitary Engineering Branch, Div. of Reactor Devel- 
opment, U.S. Atomic Energy Commission, Washington, D.C. 
(3) Geologist, U.S. Geological Survey, Washington, D.C. 
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level waste began late in 1945. The appreciable distance to the Columbia River, 
about 10 miles, originally suggested that the hazards in such disposal were probably 
minimal for those wastes. Preliminary studies indicated, moreover, that all the ground 
waters moved from the hills enclosing the Pasco basin beneath the project and into 
the Columbia River - hence, entirely below land under the control of the Atomic 
Energy Commission. The potential for appreciable ion exchange also was recognized, 
as was dilution in the Columbia River of any liquid reaching it. Extensive well dril- 
ling, beginning early in 1947, disclosed that the limited disposal was adequately safe; 
hence, disposal of somewhat greater volumes followed under close control and with 
increasing research effort in the appropriate physical sciences. Hanford’s waste 
program is today supported by a closely correlated and balanced program of theo- 
retical study, laboratory and field experiment, and observational experiment, and 
observational experience. 

Disposal of liquid wastes to the ground at Hanford will be permitted until 
biologically significant isotopes having a half-life of 3 years or greater are detected 
in the ground waters at the disposal site in concentrations up to 1/10 of the maximum 
permissible concentration (MPC) in drinking water. Migration to the ground water 
of detectable amounts of Ru!®6, Rul, and U is thus permitted, and indeed the 
first of these isotopes serves as a useful leading or indicating cation in the ground 
waters. 

The types of disposal facilities at Hanford are cribs and caverns, trenches, 
and swamps. Cribs are large boxes open on the bottom only and buried at depths 
great enough to preclude radiation problems at the ground surface. Cribs provide 
a surge capacity and spread the waste liquids over the sediments. Caverns are 
cribs without the timber structure, the excavation being filled with sorted gravel to 
provide surge capacity, particularly for large volume effluents. Cribs and caverns 
are monitored by as many as 9 wells drilled within 8 or 10 m of the crib center prior 
to its use, and by additional wells at greater distances in the indicated direction of 
movement of the wastes. The behavior of the wastes is determined from sediment 
and water samples obtained from the bottoms of wells ending above the water table; 
from water samples from wells ending beneath the water table; and by means of 
radiation-detection probes and other special in-well instrumentation. Crib sites are 
redrilled when deemed necessary to determine the extent and distribution of the 
various radioisotopes, but generally the small quantity of radioisotopes leaving a 
site is of primary concern and is monitored, rather than sampling and assaying the 
large mass remaining behind. . 

Laboratory experiments with a low-activity, high-salt waste (0.1 jc of fission 
product beta emitters per cc and 80 g/1 total salts) showed that Ru! would be the 
leading radioisotopes and would be followed by Cs13?. Sediment samples taken 
routinely during a 6-year period from an open-bottom cased well passing directly 
through a crib receiving this waste and bottoming 6 meters beneath it showed a 
steady rise in total beta activity and a significant cesium content. A well about 30 m 
from the crib was studied in detail. The well was seated in a bed of silt and clay at 
a depth of about 25 m and was perforated above that level to permit the entry and 
passage of wast liquids as they moved across the surface of the bed in their path to 
the regional water table about 35 m deeper. Previous studies of the ground water 
in the area indicated that the wastes would move toward and past the well from the 
crib. Sediment and liquid samples obtained from the bottom of the well showed 
more than 95 percent Ru! and about 5 percent Cs!87. Because the original waste 
contained about 40-45 percent Rul and the same percentage of Cs137, the inter- 
pretation was that Cs had been removed upgradient but that Ru had penetrated more 
deeply. Sediment and liquid samples from the shallow well showed an ip with 
time in the Cs: Ru ratio, and this fact, together with the increasing Ru concen- 
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tration in the ground water, permitted estimates to be made of the progress of the 
Cs front and resulted in the recommendation that the crib be taken out of service. 
This was done after 108 liters containing 3,000 curies of beta emitters had been 
discharged to the ground there. Continued sampling of the ground waters at the site 
ultimately disclosed the presence of trace amounts of Cs"? in the water, significantly 
below 2 x 10-3 uc/cc, validating the predictions of its possible appearance. 


A second site received large volumes of low-salt, low-level waste over a 3-year 
period. Laboratory experiments with the actual wastes suggested the imminent 
breakthrough of detectable amounts of Sr9°. Twelve wells, in addition to the three 
already present around the crib, were drilled to determine the configuration and the 
levels of contamination. The crib was removed from service after the disposal of 
1.5 x 108 liters of waste containing 753,000 curies of gross beta emitters. About 
a year after shutdown of the crib, traces of Sr®° up to levels of about 1 x 10~® je/cc 
were found in the ground water in one well alongside the crib. It was concluded that 
the Sr appeared as the result of the drainage of the long soil columns following crib 
shutdown. Although the 15 wells surrounding the crib have been sampled weekly 
over many months, Sr9° has never been detected in other than the one well, although 
Ru!°6 consistently has been found in downgradient wells. 


Early ion-exchange studies of fission-product behavior showed that ruthenium 
species were delayed only slightly in their movement through laboratory soil columns. 
In related field work, sampling of the ground waters in more than 10 wells disclosed 
that the nitrate ion travelled about 520 m from a disposal site in 8 years, whereas 
the Ru! from the same waste could be detected only at about 370 m in the same 
time. A time lead of the nitrate over Ru!°6 of about 30 months is indicated under 
the specific conditions of this observation. A correspondingly greater lead time of 
nitrate over Cs!8? or Sr99 would be expected. 


A total of more than 1,700,000 curies of gross beta-emitters in about 1.2 x 1010 
liters of waste has been discharged to the ground at Hanford through a total of 70 
cribs. No evidence has been obtained of long lived radioisotopes in the ground water 
at a distance of more than 350 meters from the disposal point; Cs!87 was detected 
in a well at that distance at a concentration of 1 x 10-8 buc/cc and Co® at 1 x 10-5 
uc/cc. 

Trenches are ground-disposal facilities that are used only once. Isolated batches 
of waste that may interfere with ground-exchange reactions at other disposal sites 
or wastes having exchange capabilities disallowing disposal to cribs have been dis- 
charged to trenches under demanding conditions. Here the disposal is based on the 
moisture-retaining or specific-retention property of the dry sediments above the 
water table. No allowance is permitted for exchange reactions, which undoubtedly 
occur. Currently only the vertical earth column beneath a trench is considered to 
be available and no lateral spreading is assumed. Originally 10 percent of the column 
volume was assumed for useful specific retention. Recent laboratory studies and 


calculations have indicated an average effective retention of about 6 percent, and 
this figure is now used. 


In a case of trench disposal, about 1.5 x 107 liters of high-salt waste was dis- 
charged to a total of 8 trenches at 1 site, beginning late in 1953 and extending through 
1954. Included in these wastes were a recorded 15,790 curies of gross beta emitters, 
5.66 g Pu, 102,550 g U, 6,866c Cs, 3,206 c Sr, and 213 c Sb. Little Ru was present 
spans aged wastes, the remainder of the radioisotopes being largely rare earths. 

tee wells drilled to basalt, less than 7 meters beneath the water table at the site, 
ris around the trench system to date have shown detectable amounts of only Ru, 
means errsK non-radioactive salts, and these contaminants are present in concen- 
S that increase toward several nearby crib sites and are more probably derived 
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from those sites where large quantities of Ru as well as U and nonradioactive salts 
were discharged to the ground. 

A total of more than 640,000 curies of gross beta-emitters in more than 108 
liters of waste has been discharged to the ground at Hanford through a total of 18 
trenches. No evidence of ground-water contamination by radioisotopes coming from 
these specific retention sites has been found. 

Swamps form natural depressions into which virtually uncontaminated process 
cooling waters can be discharged. The presently permitted level of contamination 
of water going to a swamp is less than 5 x 10-5 uc of mixed beta emitters per cc, 
which level does not result in appreciable contamination beyond the confines of the 
swamp, nor in radiation-dose levels as the result of concentration on mud or vege- 
tation. 

Two ground-water mounds have been formed by the discharge of water to the 
swamps. The westernmost of the two is nearly circular in plan, reflecting the essential 
homogeneity of the sediments in which it lies. The easternmost mound is decidedly 
elongated north and south. Eastward movement of the ground water there is inhi- 
bited by eastward-dipping beds of silt and clay which rise above the water table 
and cause a preferential flow to the north and south. 

Total water discharged to swamps feeding the easternmost mound has been 
about 3.1 x 101° liters, and to the westernmost 7.2 x 10!° liters. Included in these 
volumes have been about 2,000 curies of fission products and 130 grams of plutonium 
resulting from inadvertent contaminations. 

Although the swamps are regarded as sites for the disposal of water rather than 
of radioactive liquids, the resulting mounds have important effects on the rate and 
direction of movement of all the ground water. Mobile radioisotopes in water drained 
from disposal sites therefore may be redirected. It is a policy, however, not to esta- 
blish purposely for the control of radioactive solutions an artificial ground-water 
mound that may be impossible to maintain indefinitely. 

The least extensive operation has been that at the Savannah River, South 
Carolina, Plant (Brown and others, 1959, p. 1213-1215). This to some extent is a 
reflection of a comparatively less suitable environment at that location. 

Each of the two process areas has a series of 3 open seepage basins. The total 
area of the 6 basins is 4,400 m2 and the depth of the basins ranges from 2 to 3 m. The 
basins were designed so that, in each of the two sets, the overflow from basin 1 flows 
into basin 2 and the overflow from basin 2 flows into basin 3. The first two basins 
in series are small compared to the third. This design was selected so that solids 
present or precipitates formed in the waste would settle in the first two basins, leaving 
the third basin relatively free of solids and maintaining good seepage rates for a long 
period. 

Up to December 1957, the volume of low-level waste discharged to the basins 
has totaled 500 x 10° liters containing 2.5 curies of alpha emitters, 240 curies of 
nonvolatile beta emitters, and 2,300 curies of 1131. The pH of the waste has varied 
from 2 to 11. 

Ground water around the basins has been monitored by use of both permanent 
and temporary wells. A total of 25 steel-cased permanent monitoring wells was instal- 
led; 75 uncased temporary wells were drilled later to explore the extent of contami- 
nation. The permanent wells have been monitored routinely at intervals of 1 to o 
weeks and the temporary wells were monitored when drilled and at intervals since. 

Because of the geological differences between the two process areas it is necessary 
to discuss the results of ground-water monitoring separately for each area. In one 
area there are two separate and distinct water tables underneath the seepage basins. 
One of these is a perched water table largely recharged by basin seepage which ranges 
from3to 8 mbelow the ground surface and extends as much as 30m from the seepage 
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basins. The normal water table is approximately 20 m below the ground surface. 
The nearest surface outcrop of this normal water table is a flowing stream about 
660 m from the basins. Seven of the permanent monitoring wells terminate in the 
perched water. During the use of the seepage basins the concentration of both alpha © 
and nonvolatile beta emitters has increased in the perched water at all welllocations. 
The temporary wells showed that the concentrations decrease as the water moves 
out from the basins, but that all the perched water recharged by the basins is con- 
taminated. At the outer extremity of the perched water, about 30 m from the basins, 
the concentration of alpha emitters was 8 x 10% disintegrations per minute per 
milliliter and the concentration of nonvolatile beta emitters was 4.6 x 10~? wc/ml. 

Six of the permanent monitoring wells in this area reach the normal water table, 
which is approximately 20 m below the ground surface. Water from at least two wells 
has contained detectable radioactivity from seepage basins. However, contamination 
of the natural water body does not appear to be increasing. 

In the other process area the natural water table at the seepage basins is only 
5 to 8m below the ground surface and the nearest outcrop of the water table is a 
swampy area about 60 to 90 m from the basins. All 11 of the permanent monitoring 
wells in this second area reach the normal water table. Contamination of the ground 
water around the seepage basins in the second area appears extensive but quite va iadle, 
the maximum concentration of nonvolatile beta emitters being about 2 10~*2¢/ml. 

Specific analyses have indicated that, except for plutonium, none of the radio- 
active isotopes are completely adsorbed by the soil. Iodine has been detected in all 
wells containing radioactive materials. The nonvolatile beta emitters detected in the 
ground water include ruthenium, zirconium-niobium, strontium-yttrium, and rare- 
earth isotopes. Uranium is the only alpha emitter that has been detected in the ground 
water. 

At the National Reactor Testing Station in Idaho, both seepage basins and wells 
are used for waste disposal. The major disposal well is about 200 m deep and pene- 
trates about 50 m below the water table. Volumes of liquid injected into this well 
are on the order of 3 to 4 million liters per day. Of the total quantity of radioactive 
material discharged into the ground at NRTS about 95 percent had a half-life of 
less than 100 days, and 85 percent had a half-life of less than 10 days. 

At the Oak Ridge National Laboratory in Tennessee open seepage basins are 
utilized for the disposal of certain types of liquid wastes. Three pits, each about 30 m 
wide, 60 m long and 5 m in depth and a liquid capacity of about 3 to 4 million liters 
are operated as a single system. They are situated on a low ridge in the Conesauga 
shale formation. 


Table IT summarizes the disposal operations at the four installations referred to. 


TABLE II 
Cumultative total volume Comultative ie oO 
: beta activity 
(litres) (curies) 
: | 
Savannah River 5.0 x 108 2.4 x 102 
NRTS_ | ~ 5.0 x 109 8.9 x 103 
Oak Ridge | 2.6 x 10? 1.0 x 10° 
Hanford | 1.2 x 1010 2.4 x 106 
| 
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At all locations where ground disposal is practiced, laboratory and field inves- 
tigations both preceded and continue concurrently with the disposal operations: 
The physical and chemical characteristics of the earth materials and the ’’micro- 
geohydrology,, of the areas are studied to assure the continuing safety of the ope- 
rations and to determine the longer range capacity of the specific locations to receive 
wastes without hazard to the surrounding environment. As indicated previously, 
monitoring operations are carried out in connection with these activities to assure 
that the safe capacity of these environments is not being exceeded. 


3. CURRENT PROBLEMS 


The use of a site that is actively included in the local hydrologic cycle, for ground 
disposal of low- to intermediate-activity waste, involves first of all a determination 
or estimate of the capacity of the site to receive radioactive wastes without producing 
an off-site hazard, and second an evaluation of the consequences of the worst cre- 
dible case, in the event that pre-operational estimates are badly in error. The key 
to both is to ascertain as completely as is practicable the detailed, or microgeohy- 
drologic, regimen of the site and its environs. The chemistry of sorption and desorption 
is, of course, also of first importance and must be studied, but the main hazard- 
producing mechanism is that of water movement, whereas sorption is, in general, 
the delaying or hazard-reducing mechanism. If the flow regimen is known, then the 
hazard potential of the essentially nonsorbable ions such as tritium, ruthenium, and 
sodium may be calculated. Where sorption is a factor, the hazard potential is reduced 
but not necessarily eliminated. In a few cases, such as with plutonium, sorption is 
such a strong factor that it tends to overshadow all others. 

The term ’’microgeohydrology,, is used to make a distinction between it and 
the usual, or ’’macrogeohydrologic’’, study made in relation to water supply, flood 
control, or a similar purpose. In the macrostudy, average flow direction, average 
velocity, average aquifer permeability, average water chemistry, etc., are the charac- 
teristics that are measured and used in calculations. However, when attention centers 
on the movement and concentration of small quantities of radioactive material in 
solution or in suspension, averages become not the end but rather the beginning for 
what is here called a study of the microgeohydrologic regimen - **micro,, because 
it seeks to determine the range, distribution, and mechanisms of all pertinent variables; 
**seohydrologic,, because the pertinent variables include both water and earth 
materials; and ’’regimen,, because it seeks to determine the sum total of the charac- 
teristics and mechanisms governing the surface and subsurface flow of water. 

The flow regimen is divisible into three parts: (1) essentially vertical flow down- 
ward through the zone of aeration from at or near the land surface to the water 
table, (2) essentially horizontal flow (unless modified by density differences or other 
complicating factors) in the zone of saturation, and (3) flow in surface streams. (Flow 
in streams is noted because it is an integral part of the total problem. However, the 
movement of waste in streams, introduced either directly or via effluent seepage of 
ground water is beyond the scope of the present paper and is not further considered). 
In general, all three parts of the regimen are involved in varying degrees of impor- 
tance; and also, in general, the movement of radioactivity away from a ground- 
disposal point follows the order just given. 

In the usual case radioactive waste is placed in the zone of aeration, either in 
solid form by shallow burial or in aqueous solution by discharge into seepage pits 
or cribs. In principle both are the same, except that for the solids the rate of leaching 
is an added factor that must be taken into account. The radioactive ions that are 
sorbed or otherwise held in the zone of aeration, below contact with plant roots, 
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pose a possible hazard mainly insofar as they can be desorbed, or leached, and moved 
on down to the water table. In arid climates there is the further possibility that, after 
a seepage pit has been removed from service, radioactivity might migrate upward 
in response to near-surface evaporation of previously.discharged liquids. a 

In discharging liquid waste into the zone of aeration, the major intent is to utilize 
permeable earth materials under the pit or crib as an ion-exchange column. In 
designing such a system, answers or estimates to three questions must be obtained: 
(1) what volume of material will be wetted by the discharged liquid, (2) what is the 
vertical permeability of this material, and(3) what are the ion-exchange characteristics 
of the material under the expected physical and chemical conditions? With our 
present state of knowledge it is not possible to obtain complete answers to any of 
these questions; and, because uncertainty exists, calculations are based on conser- 
vative estimates. In recent years analytical and experimental studies have been under- — 
taken to obtain answers to the first two questions; in particular to determine the 
effect of grain size and nonhomogeneity of material on size and shape of the body 
of wetted material. In the meantime for purposes of calculation, only the material 
directly under the seepage pit or crib, down to the water table, is considered to take 
part in sorption. For a practical operation it is, of course, necessary for the material 
to be permeable, but the exact value of the permeability is of secondary importance. 
The third question generally is answered by making laboratory sorption studies of 
earth material from the site in question, with samples of waste to be discharged or 
its equivalent, and then extrapolating the results of such studies to field situations. 

The use of the zone of aeration for waste disposal as practiced today in the 
United States is essentially an empirical procedure and must be carefully watched. 
At all facilities where it is practiced, the ground water beneath and near each seepage 
pond is sampled (the problems associated with this sampling are discussed below), 
and it is the results of sampling and not the pre-operational calculations that deter- 
mine the life of an individual pond. The long-term problem of what happens to the 
sorbed ions after such a facility is taken out of service is not yet completely resolved. 
However, because of the large areas occupied by the Government reservations, there 
appears to be little possibility of affecting off-site water supplies, even if all the sorbed 
ions eventually migrate to the water table. The problem is really one of determining 
rate of migration versus rate of decay. When this is done the ultimate capacity of 
the particular environment to receive wastes can be calculated. 

At several of the Government reservations small quantities of certain isotopes, 
notably ruthenium, have entered the zone of saturation by migration downward 
from the zone of aeration. At the National Reactor Testing Station minor quantities 
of dilute radioactive waste are injected into the zone of saturation. Extensive sam- 
pling at all sites has detected no activity in the zone of saturation except in the imme- 
diate vicinity of the points of disposal, and the concentration of acitvity, where found, 
has been almost always below maximum permissible concentration (MPC) for 
drinking water. 

To provide a sense of perspective for the quantity of activity involved, we give 
here the drinking MPC values for two isotopes, strontium 90 (half-life 28.0 years) 
and tritium (half-life 12.3 years), in terms of both activity and of mass. The lifetime 
drinking MPC for Sr-90 is 10-13 curie/cc, which is equivalent to 7 x 10-16 gm/cc, 
which is equivalent to 7 ten-millionths of a part per billion; the values for tritium are 
3 x 10-® curie/ec, 3 x 10-13 gm/cc, and 3 ten-thousandths of a part per billion. 

The problem of detecting activity at or near MPC concentration in the zone 
of saturation is formidable because of the erratic nature of dispersion in flow through 
natural aquifers, and because the low concentration makes it impossible to measure 
activity except by taking samples. The direction of flow and dispersion of ground 
water are governed mainly by potential gradient and by aquifer inhomogeneity; 
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hence, in order to install sampling wells at meaningful points, wells must first be 
drilled to determine gradient (if possible in three dimensions), and also to determine 
small-scale aquifer characteristics. Because, in practice, these objectives can never 
be accomplished completely, there can never be complete certainty that a sampling 
well designed to monitor a certain region will, indeed, accomplish its purpose. Matters 
are complicated by each new hole that is drilled because the existing flow pattern 
is modified thereby. 

There is also the problem of sample size. If it is desired to get a sample from 
the region immediately adjoining the well bore, then the sampled well should not 
be pumped. In this case a contaminant moving through the aquifer a few feet away 
could be completely missed. If it is desired to sample a larger region of the aquifer, 
the well should be pumped and samples taken at intervals during pumping. In this 
case a contaminant moving through the aquifer some feet, or tens of feet, distant 
presumably would be picked up, but its original position and concentration would 
be uncertain; or, the contaminant might be sufficiently diluted in the pumping process 
to again escape detection. 

The dispersion characteristic of an aquifer is important not only for the location 
and design of sampling wells but also because it is a measure of dilution and because 
it affects fluid time-of-travel. Average time-of-travel usually can be computed with 
a knowledge of potential gradient, average aquifer transmissibility, and average 
aquifer porosity. It is important to know, however, how much faster the *’fastest,, 
fluid element or ion travels compared to the average element. This information is 
difficult and expensive to obtain, and each site requires individual investigation. 
It is hoped that research efforts currently underway, together with accummulating 
field experience, will show the way toward easier and more precise methods than 
are now available. 

Next, there are the effects of sorption. Ions in solution are sorbed to a greater 
or lesser degree on earth materials with which they are brought into contact. Sorption 
depends on the concentration and kind of ion, the earth materials, ground-water 
velocity and temperature, and the concentration and kind of competing ions both 
stable and radioactive. At ground-water velocities ordinarily occurring in nature, 
probably enough time is available for the liquid and solid phases in the sorption 
process to attain approximate equilibrium at each point in the aquifer. This means 
that a body of sorbable ’’foreign,, ions moving with ground water through an aquifer 
will be alternately sorbed and desorbed in response to the ever-changing concen- 
tration in the surrounding ground water (Ewing, 1959). This process has two impor- 
tant results: (1) the average velocity of the ions will be less than the average velocity 
of the ground water, and (2) the ions will be dispersed, and if more than one species 
is present they will be chromatographically separated. The dispersion resulting from 
sorption and desorption is independent of and should not be confused with hydro- 
dynamic dispersion mentioned above. Both operate at the same time. 

We here suggest that a term ’’relative ionic velocity,, be defined as the ratio 
of the average velocity of a given ionic species to the average velocity of surrounding 
ground water in a given aquifer or portion there-of, under given conditions of tem- 
perature, ground-water velocity, ground-water chemistry, etc. Relative ionic velocity 
will range from 1 for nonsorbable ions to 0 for ions that are sorbed irreversibly. It 
is not now possible to calculate or to predict relative ionic velocity in advance of 
actual measurement except, perhaps, for extremely simple laboratory models. The 
few field and laboratory determinations that are presently available are scattered 
and unsystematized. 


4, HicgH-Activiry WASTE 


Sharp separation of intermediate-activity and high-activity waste is not always 
possible. In addition to the concentration and mas® of contained radionuclides, ~ 
much depends on the chemical and physical state in which they occur. Furthermore, 
a given waste classed as of intermediate activity and discharged to the environment 
at one site might be classed as of high activity and stored at another site, the difference 
being not in the waste but in the ability of the local environment to receive the waste. 
However, fission-product waste from chemical-separations plants is without excep- 
tion classed as of high activity and is stored. At present some 65 million gallons of 
such waste has accumulated in the United States, and all of it is stored underground 
in steel and concrete tanks. 

For the purposes of the following discussion we may define high-activity waste 
as that waste which cannot be permitted to come into contact with man or with any 
part of his food chain for periods of time measured in centuries or tens of centuries. 
This means that the waste must be insulated both from atmospheric circulation 
and from the hydrologic cycle. For the present, this is being accomplished by tank 
storage. All existing tanks, however, are buried at shallow depths in ground that 
is exposed to the hydrologic cycle. It is generally agreed that tank storage is an interim 
procedure and that other methods must be developed. 

Research and development activities are under way in two fields: chemical, 
to develop methods for converting liquid wastes into solids, and geohydrologic, to 
find natural environments for storage that are reasonably accessible and are insulated 
from the hydrologic cycle. The goal is to put immobilized waste in stable natural 
environments in a way that will assure no adverse effects on man, his environment, 
or his natural resources and that will require a minimum of maintenance or surveil- 
lance. 

Various schemes for converting liquids to solids are being worked on, and, 
although it is probable that one or more will prove practical for full-scale application 
it is not certain that it will be feasible to convert all kinds of high-activity waste to 
solids. Furthermore, almost all such waste must first be ’’aged,, for a few years to 
permit the decay of short-lived isotopes and consequent reduction in radiation 
intensity and heat evolution, making the waste less hazardous to process. Therefore, 
no matter what permanent waste processing and storage methods are developed, 
as long as fuel processing is done by aqueous methods it appears essential that all 
waste be stored initially to undergo a *’cooling-off,, period of as much as 8 or 10 
years. Also, it is possible that some waste will have to remain in liquid form inde- 
finitely. 

A natural environment that appears to hold considerable promise is that of 
salt formations. Bedded salt deposits and salt domes occur over extensive areas in 
the United States. Salt is easy to excavate, is virtually impermeable to the flow of 
water, and usually exists at depths below that to which potable ground water extends. 
Studies are under way to determine optimum design of excavated cavities, heat- 
dissipation characteristics (evolution of heat from liquid waste is on the order of 
watts to tens of watts per gallon), chemical compatibility with waste solutions, and 
methods of controlling off-gases. A ’’cold,, (nonradioactive) field experiment is now 
in progress (Parker, 1959) in a mine near Hutchinson, Kansas, using simulated, 
nonradioactive waste and electrical heat sources. 

Other schemes under consideration include: (1) discharging radioactive liquid 
into deep permeable formations (American Petroleum Institute, 1959), (2) storage 
in either liquid or solid form in cavities excavated in granite or other massive rock, 


and (3) discharge of liquid waste mixed with cement into fractures produced in shales 
by hydrofracture methods. 
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5. CONCLUSIONS 


Experience in the United States to date indicates ground disposal of low- to 
intermediate-activity wastes may be accomplished safely, but along with such opera- 
tions must go a comprehensive research and monitoring program. It is equally 
important to continue study to establish the ultimate limitations of disposal sites. 
However, it is not our intent to suggest that the same methods are necessarily appli- 
cable everywhere, or even that current United States practice is fixed. 

It is obvious that wherever nuclear energy is utilized there will be nuclear wastes, 
and probably the bulk of such wastes will be stored or discharged in the ground. 
Although each site and operation must be evaluated on its own merits, there is one 
important problem common to all, namely, the problem of ionic mobility in earth 
materials. This problem is under study in the United States and in almost every other 
country having an existing nuclear industry. It is of interest to every nation con- 
templating the utilization of nuclar energy. Therefore, there is need now to coordinate 
effort and to standardize procedures, so that results of investigations may be pro- 
fitably correlated. 
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RELATION OF CLIMATIC FACTORS AND GROUND 
WATER FLUCTUATIONS RUAKURA, NEW ZEALAND 


: J.C. SCHOFIELD 
New Zealand Geological Survey, Department of Scientific & Industrial Research, 
Otahuhu, Auckland 


SUMMARY 


_ Climatic data, recorded at Ruakura, have been combined in the form of graphs 
which compare favourably with local ground-water fluctuations - more favourably 
than a cumulative departure curve for rainfall alone. This comparison is made over a 
five year period but when extended back for 30 years, isolated recordings of the water 
table continue to fall close to the climatic graph which suggests that the ground-water 
is not being depleted. 

The method is not expected to be universally applicable for the study of ground- 
water fluctuations. Indeed it is probably only because annual evaporation and avapo- 
transpiration are similar for the area concerned and that there is little surface run-off, 
that the method has applied locally. Nevertheless, the approach may be of use elsewhere 
pan other problems such as the relationship of evapo-transpiration to climatic 
conditions. 


RESUME 


Les données climatiques enregistrées 4 Ruakura ont été coordonnées sous forme 
de graphiques qui peuvent étre favorablement compares aux variations de la nappe 
souterraine locale, plus favorablement qu’une courbe d’ensemble de départ des 
chutes de pluie seulement. Cette comparaison est faite sur une période de cinq ans, 
mais si elle est étendue rétrospectivement a une période de trente ans, des enregistre- 
ments isolés de la nappe phréatique demeurent proches du graphique climatique, ce qui 
suggére que la nappe souterraine n’est pas en voie d’exhaustion. 

Les facteurs climatiques impliqués sont les chutes de pluie (R), la température 
de l’air (1), et l’ensoleillement (S). (On a remarqué que le vent n’avait que peu ou pas 
d’effet.) Les courbes d’ensemble de départ ont été construites, celles de température et 
d’ensoleillement étant inverties. Celles-ci ont été établies par expérience visuelle et 
par les méthodes d’erreur pour produire d’abord une courbe RT et deuxiémement 
une courbe RTS. (Cette méthode laborieuse a été depuis remplacée par |’emploi des 
mathématiques appliquées.) La courbe RTS produite correspond le mieux aux varia- 
tions de la nappe phréatique et est aussi étroitement paralléle a la courbe d’ensemble de 
départ des chutes de pluie moins l’évaporation (R-E). C’est a quoi il faut s’attendre 
si ’évaporation est surtout fonction de la température de l’air et de l’ensoleillement. 

La méthode ne doit pas étre considérée comme universellement applicable pour 
étude des variations de l’eau souterraine. En fait, il est probable que c’est simplement 
parce que l’évaporation et l’évapo-transpiration annuelles sont semblables pour la 
région en question et qu’il y a peu d’écoulement en surface, que la méthode est appli- 
cable localement. Néanmoins, ce procédé peut étre de quelque utilité ailleurs et pour 
d’autres problémes tels que la relation entre V’évapo-transpiration et les conditions 


climatiques. 


1. INTRODUCTION 


Rainfall ranges from 45 to 55 inches per annum for the Hamilton Lowland 
(fig. 1). Despite this fact spray irrigation is used during the dry summer months to 
boost pasture production. Farm holdings are likely to be reduced in size as population 
increases and as pasture management develops more scientifically. The latter is 
likely to include a greater use of spray irrigation and perhaps as much as 30% of 
the area will be so treated within the future. 

There is thus some concern in farming circles that irrigation may deplete the 
ground water resources which is the major source of water for the area. As there is 
insufficient information to apply the usual *budget’ method of inflow and outflow 
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Fig. 1 — Locality plan, the Hamilton Lowland. 
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of water a method for combining climatic factors into one curve for comparison 
with water table fluctuations has been developed. Its application is based on the 
assumption that if the water resources were being reduced it would show as a devia- 
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tion between the clumatic curve and the water table fluctuation. It may not be 
universally applicable and perhaps the method has applied locally only because 
annual evaporation and evapo-transpiration are similar and because there is little 
surface run-off. Nevertheless, the approach may be of use elsewhere and for other 
problems such as the relationship of evapo-transpiration to climatic conditions. 
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3. LOCATION AND OTHER DETAILS 


Ruakura lies near the centre of the Hamilton Lowland (fig. 1) and this paper 
is restricted to a comparison between climatic factors and the ground water obser- 
vations as recorded at the Ruakura Animal Research Station, Hamilton. The Ruakura 
well and other observation wells are sited on alluvial plains underlain by the moder- 
ately permeable Hinuera Formation. 

Similar comparisons can be made between climatic factors and water table 
fluctuations recorded at the Rukuhia Soil Research Station but for a shorter length 
of time. Other hydrological and geological details will be published in two forth- 
coming New Zealand Geological Survey Bulletins describing ground water in the 
Hamilton Lowland and the geology of the Waikato Coalfields. 


4. METHOD 


A cumulative departure curve is obtained by plotting the cumulative departures 
from the mean. The mean is for the whole period in question and the cumulative 
departure at any point is the sum of all the previous positive and/or negative depart- 
ures from the mean. 

Cumulative departure curves for rainfall (Rc), mean air temperature (Tc) and 
sunshine (Sc) were plotted - the latter two being inverted as temperature and sunshine 
would tend to have an inverse effect on the water table. A combination of the Kc 
and Tc curves produces an RT curve and is constructed by plotting the mean posi- 
tions of Rc and Tc. By altering the scales for Rc and Tc an RT curve was constructed 
that had the nearest fit to the water table fluctuations. An RTS curve was constructed 
by similarly combining Tc and Sc together, and then combining the resultant curve 
with Re. 

The RT and RTS curves were also compared with the cumulative departure 
curve for rainfall minus evaporation, (R-E)c. As there appeared to be good correlations 
the problem was taken to Dr H.R. Thompson, Biometrician, D.S.I.R., Auckland, 
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who applied the “least squares multiple regression’ method. Both methods are essen- 
tially the same, but not only does the latter produce the best curves available, it 
also by-passes the tedious trial and error method and also determines the percentage 
of the water table variation that is explained by each climatic factor (or combination _ 
of climatic factors), e.g. rainfall accounts for 50% of the water table fluctuation 
within the 1955-59 period, whereas rainfall, temperature and sunshine together 
account for 84° of the fluctuation during the same period. 


5. RESULTS 


Dr Thompson has kindly supplied the following formulae from which the best 
curves can be constructed (figs. 2 and 3). 


1955-59 period 


W(79%) = 55.65 + 2.17Rc-0.55Tc (1) 
W(84%) = 53.1 + 2.41 Rc—0.45 Tc—0.05 Sc (2) 
W(74%) = 46.37 + 2.49(R-E)c (3) 
(R-E)c (97%) = 10.34 + 2.90Re - 0.37Tc - 0.04Sc (4) 
(R-E)c (94%) = 12.30 + 2.72Re - 0.45Tc (5) 


1928-59 period * 


Water table observations were not continuous during the 1928 to 1959 period 
and hence Dr Thompson has calculated formulae for each main period as well as 
for the whole. 


For 1928-29 portion W(67%) = 105.0 + 0.38Re - 1.82Te (6) 
For 1955-59 portion W(83%) = 61.8 + 1.96Rc - 0.61Te (7) 


For both these periods plus the 1952 records 
W(70%) = 65.3 + 2.22Rc - 0.58Tc (8) 


For all equations: 


W equals monthly mean of water table level in inches above a datum chosen 
as 10 ft below ground level at the 1955-59 observation well. (Water level fluctuations 
during 1928-29 and 1952 were recorded from a well at a distance of several chains 
from the observation well established in 1955. Precise levelling between the two 
sites has reduced the observations at the two wells to the same datum). The per- 
centage figure in brackets after ’W’ expresses the percentage of the water table 
variation explained by the formula that follows. 


(R-E)c equals monthly cumulative departure from mean** for rainfall minus 
evaporation, in inches, with evaporation measured from an open water surface. 


(*) Sunshine and evaporation records were not k 
; ept for the whol - 
Tipe a oe oe 7 ee be constructed beck to 1928. Sot Pani ee 
nis calculated for the whole period in question. For brok i 
a aveien table observations such as the 1928-29 Salted (fig. 3), the Hemel ee 
actor must be calculated for the whole period, as must the cumulative 


departures from the mean. C i 
pari mean. Correlations can then be made wi i 
coincide with the periods of water table obiorvatignatt IST Si ber araae 
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Re equals monthly cumulative departure from mean for rainfall in inches. 

Tc equals monthly cumulative departure from mean for mean air temperature 
in °F, 

Sc equals monthly cumulative departure from mean for sunshine in hours. 


6. DISCUSSION OF RESULTS 


6.1. 1955-59 period 


During the 1955-59 period water table observations were almost continuous 
and climatic records for rainfall, temperature, sunshine and evaporation are available 
for comparison. 


i i i ith cumul- 
ig 2 —C arison of 1955-59 water table fluctuations (dotted line) wit 
a i eetaredre from mean for rainfall, R, and with curves RTS, RT and RE 


d from formulae 2, 1 and 3 respectively. 
a Se ee Gone the theoretical relationship of the water table with the RTS 


curve had the former been consistently falling due to depletion of ground water 
reserves. 
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Fig. 2 compares the water table fluctuations with the cumulative departure 
curve for rainfall and with the RT, RTS, and RE curves as calculated from formulae 
1, 2 and 3. The latter three curves compare favourably with one another and follow 
the water table fluctuations much more closely than the rainfall curve alone. 


There is not sufficient parallelism of the cumulative departure curve for rainfall 
with the water table to show if there has been any slight deviation of the water table 
due to depletion of the ground water reserves. On the other hand the RTS, RT and 
RE curves parallel the water table fluctuations so markedly that it can be assumed 
there has been no depletion of ground water reserves during the 1955-59 period. 
A fall in the water table due to depletion of ground water reserves would be shown 
by the RTS curve crossing the water table curve at about halfway, the divergence 
of the two curves being greatest at both ends of the curves (fig. 2a). At the same time 
the percentage correlation would be lower than it is. 


6.2. 1928-59 period 


Water table observations during this period have been discontinuous, covering 
broken periods from February 1928 to March 1929; January 1952 to March 1952; 
January 1955 to June 1956 and December 1956 to December 1959. 


When determining if there has been depletion of the ground water reserves 
since 1928, the total time of water table observation is not sufficient for comparison 
with the cumulative departure curve for rainfall (fig. 3). Sunshine and evaporation 
records were not kept for the whole period and hence the only other curve available 
is the RT curve. This fits better with the water table fluctuation than does the rainfall 
curve (fig. 3) and provides better evidence for assuming that there has been no 
depletion of the ground water reserves since 1928. At first sight the lower correlation 
of 70% for the whole period (formula 8), when compared with the 83% correlation 
for the 1955-59 portion (formula 7), suggests that there has been some depletion. 
However, this decrease is probably due to the poor correlation during the 1928-29 
period (fig. 3, formula 6). 


6.3. Comparison of use of short and long period means 


Using the 1928-59 mean for calculating the cumulative departures of rainfall 
and temperature during the 1955-59 period provides a better relationship with the 
water table fluctuation during 1955-59 than using their mean for 1955-59 (formulae 
1 and 7). Whereas the latter, in formula 1, accounts for 79%, the former, in formula 7, 
accounts for 83% of the water table fluctuation during the 1955-59 period. Dr 
Thompson also found that using a moving, six-monthly mean gave poorer results. 
Thus it appears that the use of a long period mean produces the best results. 


6.4. Other factors affecting water table fluctuations 


The ground water increment is that part of the rainfall that is left after some has 
been lost to evapo-transpiration and surface run-off. 

Run-off at the Ruakura site and surrounding Hamilton Lowland is not thought 
to be large. It is dependent on the nature of the vegetation cover, permeability of 
the soil, slope of the surface and intensity of rainfall. Three years of observations 
at the Rukuhia Soil Research Station, haye shown no run-off on Hamilton Clay 
Loam with a slope of 1 in 8, except during very intense storms,, (Mr H.G. Hopewell, 
pers. comm.). Subsurface storm flow (Van’t Woudt 1954) may take place near 
streams incised in the plains but as these are few and far between, loss of rainfall 
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by this method must be slight. Thus for a first approximation it can be assumed that 
surface run-off on the lighter soil of the plains has been negligable. 

The fact that a combination of cumulative departures for rainfall, temperature 
and sunshine (formula 2) explains more of the water table variation than the cumul- 
ative departure for rainfall minus evaporation (formula 3)-84% as against 74% - may 
mean that the cumulative departures for temperature, sunshine and possibly rainfall 
are related to evapo-transpiration. 

Another factor that affects the water table level is the movement of ground water 
from a higher to a lower region. If the latter region has a lower rainfall, or other 
differences and variations in climate, then the local water table must reflect some of 
these differences as well as the local climatic variations. This is probably why most 
of the calculated peaks and troughs do not coincide with the actual observed coun- 
terparts within the water table fluctuations (figs. 2 and 3). 


6.5. Relation of evaporation to climate 


Formula (4) shows that the cumulative departures for rainfall, temperature 
and sunshine accounts for 97% variation within the cumulative departure for rain- 
fall minus evaporation. This high degree of correlation means that evaporation is 
mainly a function of temperature and sunshine. Thornthwaite (1948) has already 
shown that evapo-transpiration is dependent on air-temperature but Wijk and de 
Vries (1954) found that the use of temperature alone is satisfactory only if the annual 
cycle of temperature and radiation imput coincide. This appears true for Ruakura, 
providing the amount of sunshine is directly related to radiation. 

It is interesting to note that whereas Rc, Tc and Sc contribute 97% of the variation 
in (R-E)c (formulae 4), Re and Tc alone contribute 94% (formula 5). It is thus pos- 
sible that the inclusion of sunshine may also give more accurate evapo-transpiration 
determinations. 

The writer does not intend to investigate fully (a) the relationship of evaporation 
with climatic factors and (6) the relationship of evaporation to evapo-transpiration, 
but perhaps the use of cumulative departures from the mean may provide more 
accurate relationships than the use of the raw data alone. Ground water fluctuations 
partly reflect the cumulative effects of climatic variations and perhaps the amount 
of water that is absorbed into the atmosphere is also affected to some extent by 
cumulative variations in the climate. 
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SOIL HYDROLOGY 
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SUMMARY 


The questions of water balancing and water regimen in soil were usually treated 
from the point of view of «abnormal water regimen». Agricultural production was 
developed in the conditions of «relatively normal» water balance in soil with periodical 
wasteful retreatments and only rear extremities. 

Up to date water balancing in soil have used hydropedologic data based upon 
the laboratory investigations of water properties of soil, analysed on the samples in 
«unremolded state». Such a treatment gives neither enough exact data, nor possibi- 
lity to learn water regimen in soil in short time vegetation periods. This paper is to 
suggest observation of the elements characterizing soil capability to receive atmos- 
pheric waters and evaporate its own water. 

The following factors are the most important to be observed : 

1. Underground water level with tube piezometres of small diameter at various 
depths up to the depth of critical level. 

2. Surface run-off by enclosing of small area of soil so that water run-off should 
be in the direction of measuring equipment. 

3. Soil moisture by one of already known methods. 

These observations are suggested as well as new standard equipment in the 
international scale. 


RESUME 


La question du bilan des eaux et du régime des eaux dans le sol est habituelle- 
ment traitée sous l’aspect du «Regime anormal des eaux». La production agricole 
se développe dans les conditions du bilan «relativement normal» des eaux dans le sol 
avec des écarts «nuisibles» temporaires et de rares extrémes. 

Jusqu’ici les bilans des eaux dans le sol ont utilisé des données hydropédologiques 
baseés sur des analyses de laboratoire des qualités hydrologiques des sols d’échantil- 
lons au sol a l’état intact. Cette facon de procéder ne donne pas de résultats assez 
précis, ni la possibilité de connaitre le régime des eaux dans le sol a des intervalles de 
temps plus courts de la période de végétation. Dans le travail il est proposé de suivre 
les éléments qui caractérisent la capacité du sol d’absorber les eaux atmosphériques 
et de dégager ses propres eaux sous forme de l’évapotranspiration. 

Les facteurs les plus importants a observer sont : 

1. Le niveau des eaux dans le sol a l’aide de tube peisométriques de faible dia- 
métre a différentes profondeurs jusqu’a la profondeur de niveau critique. 

2. L’écoulement superficiel par délimitation d’une petite parcelle du terrain de 
maniére a réaliser 1’écoulement de l’eau dans la direction des appareils de mesure. 

3. L’humidité du sol par une des méthodes connues. i 

Il est proposé l’introduction des observations avec V’adoption de l’équipement 
standard et a l’échelle internationale. 


1. INTRODUCTION 


The questions of water balancing and water regimen in soil are usually connected 
to the irrigation and drainage works, it is to say, to the cases when « abnormal water 
regimen» appears requiring irrigation and drainage works. Such a state has naturally 
imposed necessity of treating general hydrology problems of soil, as a part of hydro- 
sphere, through the determination of sufficite or deficit water in soil so that the data 
could be obtained for dimensioning of hydrotechnical structures. 

However, the agricultural production is being developed in the conditions of 
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«relatively normal» water balance in soil with periodically damaging retreats and 
only rarely extreme cases. Water balance and water fegimen in soil are general ele- 
ments of the agricultural production, for agriculture does not have to use only 
hydrotechnical works for good regimen control and total balance, but biological, 
agrotechnical and others. Hydrology of soil, as a specialized branch of hydrology, 
with many tasks of treating water balance and regimen of an «abnormal» soil, did 
not give results as hydrologic branches of the other speciality. 

It is certain that irrigation and drainage works are the most perfect way to conduct 
water regimen in the agricultural production. Practice has shown that rapid devel- 
opment of the agricultural production has many stages and that water as a factor 
has its part on each of them. Knowledge of that role gives possibility of real knowledge 
of the economical value of water, so that the works can be certainly chosen for optimal 
control of water regimen. 


2. TREATING OF SOIL 


In hydrology of soil, soil is understood as a space in which the plant roots come 
up to the critical depth, or to the depth of critical underground water level, on which 
they show no potential danger for degradation of the agricultural soil. Soil is a porous 
medium which receives, retains and evaporates water and, in the same time, gives 
water to the plants on their use. It is in a zone of the influence of two other parts 
of hydrosphere - atmospheric and underground waters below a critical level and 
that is why water regimen in it is complex one. That means, soil is in a zone of complex 
external influences and has many of its own properties as well. 

In the reclamation practice a great number of the soil science data for determina- 
tion of water balance are commonly used. This agricultural discipline has, as its basis, 
methodology adopted from the practice of general soil investigations by obtaining 
the data of laboratory investigations of the soil samples in « unremolded condition». 
So obtained data, have in themselves idealized conditions of laboratory treating 
and errors in dependance on applied kind of equipement used for investigations. 
Besides, these data although it was possible to use them, were only used for requi- 
rements of irrigation and drainage. Meanwhile, whenever the question of water in 
soil in natural conditions, or in natural conditions of the atmospheric and ground 
waters as external medium which affects water regimen in soil, was set fort, an answer 
could not have been obtained on the basis of idealized cases investigated in laboratory. 
The answer for some members of the equation for water balance in soil could not 
have been obtained, particularly when it has to be considered in short time intervals. 


3. ABRIDGED FORM OF THE EQUATION FOR WATER BALANCE IN SOIL 


The equation for water balance in a soil layer is derivated from a general equation 
for inlet and outlet, and has the form: 


esi [((P— Ep— Op) oe (Sn <5 Sx)] — Ue sels i) = Wn 


where: 
R — quantity of existing moisture in soil in the beginning of period for which 
water balance is made, 
P. — precipitations for one temporal period, 


Ep — evaporation from the soil surface, 
Oy — surface runoff from the soil, 
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Sp — inlet of the ground waters with free level, 
S; — capillar way of water inlet, 


Ie — outlet due to evaporation from a soil, 

I; — outlet of the ground water with free level, 

J; — water outlet due to transpiration 

W,— quantity of moisture in the soil at the close of a period for which water balance 
is made. 


There are various methods in hydrology for determination of some elements 
of the above equation. However, unsufficient attention was drawn neither to the 
specific conditions of water balancing in a soil layer, nor to the equipement which 
would correspond to these conditions. That should be the task of a specialized 
hydrology discipline. Some up-to date experience will be pointed to for treating of 
some members of the given equation. 

The members Sy, and J; can be obtained by observation of the ground water 
free level. But, it has to be pointed out that for specific conditions of the soil layer, 
besides observation of deep ground waters level, waters with free level in a soil layer 
have to be observed as well. It was shown that some soils have shallow waters with 
free level although the level of deep permanent waters lays very deep and that is caused 
by existing of water permeable soil layers having more porous layers above them- 
selves. Shallow piezometers on less depths and various lengths give the data for the 
members S, and 7s; in the balance equation. 

Precipitations (P) are obtained in already known way by measurements with 
a pluviometer on a soil surface. The member Op can be obtained by a direct obser- 
vation of the soil runoff and by determination of runoff water quantity. The member 
I, belongs to a zone of hydrological research. 

The observation of each of these members would mean a contribution to a very 
detailled knowledge of the elements of water balance in a soil. It is known that for 
such observations very expensive and complex equipement is necessary, so that the 
reason for a small number of the observation points can be found there. That is 
why it is necessary to exclude some elements which are not always required in water 
balancing for the agriculture purposes, so that greater number of the observation 
points could be formed - quantity of the data would have made a jump to quality. 
Such conception does not exclude existence of the observation centers which would 
qualitatively analyse each single member of the balance equation, as well as their 
mutual relationship. 

The observation of humidity of a soil and surface runoff on the observed field, 
as well as the underground water level by the mentioned piezometers can be utilized 
for obtaining of the following data: 


a) In a period when the precipitations appear: 
h+i+h2o 
Sn — is obtained from the levels difference during the observation, 
R — is obtained by measuring of soil humidity before the beginning of rainfall, 


W,n— is obtained by measuring of soil humidity at the end of the precipitation 
period, 


Op — surface runoff waters registered on the control field, so that 
From this equation we obtain the value for total water inlet from the precipi- 


tations and from capillar penetration. As we may consider the inlet from capillar 
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waters very slight we shall obtain very important record how much water in deter- 
mined external conditions and determined soil conditions soil layer received by 
increasing of humidity and free underground water level. 


b) in a period when there is no precipitations: 
P—Ep-Op+ Sn 0 
R- Wn—TIs — Ie + it 


In this case a very important record is obtained about evapotranspiration in 
determined conditions of external media and soil. 

Permanent observation of humidity would give us the dynamics of two very 
important elements: of soil capability to receive the atmospheric waters and evapo- 
transpiration, respectively of expenditure of the soil moisture. Observing this factor 
on various depths a picture is obtained on disposal of the available moisture in variable 
deep soil layer. 

Duration of the observation on some determined place will give possibility 
to know the long-range water regimen in a soil, as well as an important contribution 
to the general development of the soil hydrology to be able to draw the data from 
these observations in order to determine the relationship of some factors: 


4. CONCLUSIONS 


The existing observation points, meteorological and hydrologic stations have 
to become the elements by which the observations will be performed in the suggested 
order. In vicinity of the existing stations it is necessary to chose an agricultural field 
with characteristic soil cover and characteristic plants. The observations would 
have been done by these factors: 

1. The underground waters level with tube piezometers of a small radius and 
various depths—up to the depth of a critical level, 

2. Surface runoff by enclosing of a small space of soil so that water runoff flows 
in the direction of measuring equipment, 

3. Measuring of soil humidity by one of the known methods. 

The observation data would be announced by the other data on meteorologic 
and hydrologic observations. 

For obtaining of the urgent data the method of simultaneous measuring can 
be used. Obtained data could be enlarged by correlation with the observations on 
permanent observation places for a longer period. 

All this does not exclude necessity of the tests in agriculture which would give 
more details for each member of the water balance equation, investigating their 
mutual relationship and relationship with other hydrologic elements. If this metho- 
dology would be adopted as well as the most reliable equipment being typical in 
the international scale, it might be contributed to eliminating of many unknowns 


in water balancing in the soil layer, and to further development of specialized dis- 
cipline of soil hydrology. 
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